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Abstract 
The Paleogene succession in the Hampshire Basin, southern England is poorly described in 
terms of its engineering properties. The nature and distribution of landslides across the 
basin is also poorly described. This thesis describes work carried out to better understand 
the engineering properties of the Paleogene succession and how this affects landsliding in 
the region. A new engineering stratigraphy for the Paleogene strata of the Hampshire Basin 
has been constructed by collating available geological and geotechnical data, including 
examination of available exposures, database information, published and non-published 
literature. Similarly landslides across the basin were examined by field mapping, image 
interpretation and literature review and a new landslide inventory was produced. This new 
stratigraphy was utilised in a basin wide model of landslide occurrence using an infinite 
slope based methodology in a GIS. This new model was used to improve the landslide 
inventory, resulting in the identification of a total of 429 new landslides, a threefold 
increase on previous knowledge. Results indicate that landslide identification may be 
greatly enhanced if a geotechnical model is incorporated in the investigation. The research 
shows that it is appropriate to construct geological models based upon an engineering 
stratigraphy. For this study area, this model was tested by its incorporation into a slope 
stability analysis that could then be tested against the results of image interpretation and 
field surveys. This could be important for other studies where geotechnical information 
may be incomplete or where it is difficult to collect new data. This may have important 
implications for similar studies elsewhere. 
  
2 
 
1. Introduction 
1.1. Background 
The Hampshire Basin presents an opportunity to develop new knowledge of the 
geotechnical and landslide characteristics of a complex sequence of Palaeogene sediments 
in terrain normally considered to have limited association with landslide activity. This 
thesis presents new research that investigates these areas of knowledge and develops basic 
scientific principles which are applicable to studies elsewhere. 
Landslides are one of the most significant natural hazards in Great Britain 
(Department of the Environment, 1990). Landslide hazards and risks have become an 
important issue in land-use planning in Great Britain (Department of the Environment 
1996). However, across much of south-central England (Dorset, Hampshire, Sussex and 
the Isle of Wight), within the large Palaeogene-Neogene sediment filled geological 
syncline of the Hampshire Basin, the distribution and nature of landsliding is poorly 
understood away from the coastline. The fatal event as a result of landsliding in the region 
occurred within Jurassic strata at Lulworth Cove in 1976 (May, 2008) but there have been 
no recorded fatal landslides within the ‘Tertiary’ deposits. However, there are many 
accounts of landslides that have caused damage within the region have been reported 
(Hutchinson, 1965; Halcrow Group Limited, 2000; 2005; Hight, Ellison and Page, 2004; 
Winfield, Moses, and Woodruff, 2007; West, 2009; Broom, 2010; Foster, 2010).  
Landslide events such as the Barton Court landslide in 1975 at Barton-on-Sea, 
Hampshire has resulted in loss of the cliff top cafe, Manor Lodge, and beach huts (West, 
2009). Other studies that have considered landslides in the Hampshire Basin have 
identified landslide patterns at National (Foster et al., 2008) or Continental scales (Van 
Den Eeckhaut et al., 2010) or have carried out in-depth analyses at local locality (Barton, 
1973; Barton and Coles, 1984; Barton, Hillier and Watson, 2006; Fort, Clark and Cliffe, 
2000; Halcrow Group Limited, 2000). A national potential for landslide hazards in Great 
Britain produced by the British Geological survey provides an overview for general public 
purposes. Although fit for the level of the national and regional based assessment, none of 
these studies considered in detail the nature and distribution of landslides for the 
Hampshire Basin at a basin scale. This study seeks to conduct landslide investigations at a 
medium scale assessment (1:25,000-1:100,000) in this region. This scale study would 
reveal an overall framework for landslide hazard of the Hampshire Basin. The obtained 
results could provide as a supplement to strategic land use planning in this region.  
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In a review of landsliding in Great Britain Jones and Lee (1994) concluded that a 
fundamental influence on the distribution and character of landsliding includes four 
important factors: the nature of ground materials, topographical characteristics, climate and 
groundwater conditions. Jones and Lee (1994) demonstrated that certain types of mass 
movement tend to be associated with particular types of materials. Similarly to landslide 
studies, the existing knowledge of the nature and distribution of geotechnical properties 
within the Hampshire Basin is extremely limited. Apart from a few exceptions (Barton, 
1973; Barton and Coles, 1984; Barton, Hillier, and Watson, 2006; Burnett and Fookes 
1974; Fort, Clark and Cliffe, 2000) little attention has been paid to the engineering geology 
and geomorphology of this landscape and it remains poorly understood.  
This study intends to investigate the effect of engineering geological factor on 
landsliding within the Hampshire Basin. The key research question of this study is whether 
the distribution and nature of landsliding within heterogeneous Paleogene sediments of the 
Hampshire Basin is controlled by spatial variations in engineering characteristics of key 
geological units and slope factor. The results will contribute to better understanding of the 
nature of landslide occurrences in this region.  
1.2. The study area and geographical scope 
The study area in this thesis focuses on the Hampshire Basin in southern England which is 
a geological syncline containing Paleogene sediments, underlying parts of Dorset, 
Hampshire, Wiltshire, West Sussex and the Isle of Wight (Figure 1.1). The study area 
covers an area of about 3,200 km2, stretching around 150 km from Dorchester in the west 
to Brighton in the east and around 40 km from Salisbury in the north to Newport in the 
south. The large south coast settlements in the study area include Poole, Bournemouth, 
Southampton and Portsmouth.  
The study area presents a research area with three key scientific challenges and 
opportunities to develop new knowledge.  
 With exceptions on the coastal slopes of the Isle of Wight and Hampshire, the 
distribution and nature of landslides within the area is poorly described in the 
literature.  
 The Paleogene deposits across the area are poorly exposed and poorly described in 
published literature. Although geotechnical properties of materials are well known in 
some locations, no study has been undertaken of un-described areas or to synthesise 
and collate information for the whole basin.  
4 
 
 The Paleogene deposits are known to represent a complex and variable depositional 
environment. This provides a specific challenge for this work to determine appropriate 
methods to model geologically and geotechnically heterogeneous deposits at a basin 
scale. 
 
Figure 1.1 The study area is located in southern England, outlined in red. 
1.3. Study aims and objectives  
 To examine the challenges outlined above, a hypothesis has been developed: 
The distribution and nature of landsliding within heterogeneous 
Paleogene sediments of the Hampshire Basin is controlled by spatial 
variations in engineering characteristics of key geological units that 
are susceptible to slope instability in this region. 
The aim of this thesis will be to test this hypothesis. To achieve the aim, four research 
objectives were defined:  
1. Identify, characterise and map landslide occurrences in Paleogene sediments of the 
Hampshire Basin 
2. Collate existing and new landslide information within a new database compatible with 
the British Geological Survey, National Landslide Database. 
3. Collate available geological and geotechnical data on the Paleogene strata across the 
Hampshire Basin, including examination of available exposures. 
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4. Create models to examine the spatial distribution of landsliding and geotechnical 
properties of the Paleogene strata in the Hampshire Basin.  
This thesis presents the rationale, methodology and results of the work undertaken to meet 
these objectives. The results are discussed and concluded to contribute knowledge of the 
landslide occurrences within the Hampshire Basin. 
1.4. The structure of this thesis 
The thesis is presented in 8 Chapters. 
 Chapter 1 introduces and provides an overview of the research and states the purpose 
of the work  
 Chapter 2 reviews the geological setting of the Hampshire Basin. An examination of 
the literature describing the stratigraphy, structure and lithology which underpins the 
remaining thesis is presented. 
 Chapter 3 presents the analysis of the geotechnical properties of the Paleogene 
sediments and their spatial variation within the basin. Existing data has been collected 
with results from field investigation. A new engineering stratigraphy of the Palaeogene 
of the Hampshire Basin is proposed. 
 Chapter 4 describes an approach to classify the terrain classification of the Hampshire 
Basin. This chapter describes the landscape features of the Hampshire Basin and 
proposes a terrain classification that includes the recognition of sub-regions within the 
basin.  
 Chapter 5 describes a landslide assessment of the Hampshire Basin. Landslide 
recognition and identification through a traditional air photo interpretation, walk-over 
surveys and geomorphological mapping is presented and a landslide inventory map 
generated. The landslide characteristics and major type of movements are also 
discussed. 
 Chapter 6 presents a landslide susceptibility model for the Hampshire Basin based 
upon results from the geotechnical and landslide investigations described in Chapters 
3, 4 and 5. 
  Chapter 7 discusses the main scientific findings obtained from this thesis and the new 
knowledge that has been developed. A discussion of the limitations of the study is also 
presented. 
 Chapter 8 gives overall conclusions of this thesis and makes suggestions for future 
work. 
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2. Paleogene geology of the Hampshire Basin 
2.1. Previous geological studies 
A general background of the geology of England and Wales can be found in Brenchley and 
Rawson (2006) providing a broad regional context of Britain through geological time. A 
general account of the geology of the Hampshire Basin can be found in Melville and 
Freshney (1982). The geological framework of the Tertiary Period1 has been discussed in 
detail by King (2006).  
The stratigraphic nomenclature of the Paleogene sequences of southern England 
was established mainly in the nineteenth century (Reid, 1902; White, 1917; Bristow, 1982; 
Curry et al., 1978; King, 1981; King and Kemp, 1982; Bristow and Freshney, 1986). This 
involved many changes in the definition of subdivisions and nomenclatures and the 
introduction of a number of new names. Previous nomenclature for the Paleogene of the 
Hampshire Basin is given in Appendix A. The lithostratigraphic terminology used in this 
thesis follows the most recent revision by several works (Insole and Daley, 1985; Edwards 
and Freshney, 1987b; Daley and Balson, 1999). 
A number of British Tertiary studies have been carried out and published since the 
nineteenth century (Forbes, 1853; Bristow, 1982; King and Kemp, 1982; Kemp, 1985; 
Insole and Daley, 1985; Edwards and Freshney, 1987b; Plint, 1988a; Daley and Edwards, 
1990; Freshney et al., 1990; Todd, 1990; King, 1991; Bone, 1992; Bone and King, 1992; 
Munt et al., 1994; Kemp and King, 1995; Jeffery, 1996; Edwards and Daley, 1997; Bone, 
2002). These works have developed the understanding of the Paleogene stratigraphy of the 
Hampshire Basin and the wide variety of depositional environments during the Paleogene 
and Neogene. The stratigraphical and sedimentological studies, notably those of Prestwich 
(1849), Gardner, Keeping and Monkton (1888), Burton (1925), Burton (1929), Burton 
(1933), Curry, King, and Stinton (1977), Curry et al. (1978), King (1981), and Plint 
(1983a; 1983b; 1988a; 1988b), Daley and Edwards (1990) and Armenteros, Daley and 
García (1997) have emphasized the importance of depositional facies and sedimentary 
cyclicity in the Paleogene sequences of the Hampshire Basin.  
Descriptions of Paleogene formations within the Hampshire Basin and details of 
exposures are given in the geological memoirs and sheet explanations of the British 
Geological Survey (Reid, 1899; Reid, 1902; White, 1921; Edwards and Freshney, 1987a; 
                                                 
1 It is now widely accepted that the term ‘Tertiary’ is defunct as a stratigraphic term. However, the term is 
still referred to in this text when discussing research that covers deposits of Paleogene and Neogene age or 
where the study has made no attempt to make that distinction.  
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Young and Lake, 1988; Bristow, Freshney, and Penn, 1991; Hopson, 1999; Aldiss, 2002; 
Booth, 2002; Barton et al., 2003; Hopson, et al., 2008; Jackson, 2008). Insole, Daley and 
Gale (1998) provided descriptive accounts of accessible Tertiary successions of the 
Hampshire Basin on the northern Isle of Wight. Daley and Balson (1999) reviewed the 
British Tertiary stratigraphy providing a summary of key localities that will be conserved 
for their contribution to an understanding of Tertiary stratigraphy in both the Hampshire 
Basin and London Basin. These previous works provide a useful guide for further field 
investigation. 
2.2. Hampshire Basin Framework 
A geological framework of the Hampshire Basin has been recently discussed by King 
(2006). The Hampshire Basin forms part of the sequence of Paleogene sediment filled 
synclines that extend across large parts of southeastern England and adjacent areas (Figure 
2.1). Paleogene outcrops are largely confined to the Hampshire Basin and London Basin. 
The Hampshire Basin is a landward sub-basin of the Hampshire-Dieppe Basin, bounded to 
the south by the Purbeck-Wight Monocline and to the north by an escarpment comprised 
Cretaceous Chalk of the Cranborne Chase, Salisbury Plain and South Downs (Jones, 
1981). Tertiary sediments extend about 150 km from Dorchester in the West to Worthing 
in the East and about 40 km from north to south between Salisbury and Newport on the 
Isle of Wight (Figure 1.1). Approximately 700 m of Paleogene sediments from Upper 
Paleocene to Lower Oligocene are preserved (Melville and Freshney, 1982). The thickest 
Paleogene sediments of the Hampshire Basin on the Isle of Wight can be examined from 
deep hydrocarbon exploration boreholes (Hopson, 2011; Newell and Evans, 2011). A 
maximum of 700 m of Paleogene (Reading Formation to Bouldnor Formation) is preserved 
in the Sandhill 2 borehole [SZ 46129 89850] (SZ48NE55) near Newport. The Paleogene 
sediments of the Hampshire Basin on the mainland section can be examined from deep 
boreholes (Edwards and Freshney, 1987a) such as Bunker’s Hill Borehole [3038 1498] 
(SU31 SW/27) near Cadnam and Shamblehurst Borehole [4927 1456] (SU41 SE/336) near 
Hedge End, and Ramnor Inclosure Borehole [3114 0475] (SU30 SW/1) near Brockenhurst. 
The Bunker’s Hill and Shamblehurst Borehole reached the Upper Chalk at 185 m and 
191 m, respectively. The final depth of the Ramnor Inclosure Borehole is 341 m, 
approaching the division C (King, 1981) of the London Clay Formation. Thin Paleogene 
sediment is preserved near the northern limit of the Hampshire Basin. For example, a 
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borehole at Alderbury Farm [SU 1825 2595] (SU12NE8) in the Salisbury district reached 
the Cretaceous Chalk at 19.2 m below ground surface (Hopson et al., 2008).  
The Hampshire Basin widens southeastwards to form the wider and shallower Dieppe 
Basin under the eastern English Channel (King, 2006). Approximately 500 m of Paleogene 
sediments from Upper Paleocene to high Middle Eocene are preserved in the Dieppe Basin 
(King, 2006). Up to 320 m of Paleogene sediments from Upper Paleocene to Middle 
Eocene are preserved in the London Basin (Ellison and Zalasiewicz, 1996). 
 
 
Figure 2.1 Paleogene basins in southern Britain and adjacent areas King, 2006). The 
Hampshire Basin is highlighted in red box. Paleogene basins: CIS-central Irish Sea Basin, 
BSB-Baie dela Seine Basin, H-Haldon Gravels, N-Newhaven Outlier, NCS-North Celtic 
Sea Basin, P-Petrockstow Basin, SA-St Agnes Outlier, SBB-Stanley Bank Basin, SGC-St 
Georges Channel Basin.  
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2.3. Tectonic setting  
The Hampshire Basin sits within the tectonic domain defined by the Wessex Basin which 
underlies much of Southern England. The basin was created by periodic extension and 
compression (inversion) during and since the Carboniferous. Detailed reviews by Stoneley 
(1982) and Chadwick (1986) demonstrate that the features that constrain Tertiary deposits 
in the Hampshire Basin (Isle of Wight Monocline, Portswood Monocline) are probably 
related to basin inversion. 
Recent paleontological work is demonstrating evidence for uplift during the 
Paleogene to be episodic but at present there is no unified or completed sedimentary model 
for the period. For instance Dawber et al. (2011), working on the Barton Clay suggest that 
there was uplift in the Eastern Hampshire Basin during the Bartonian but due to an 
incomplete succession could not demonstrate this with outcrop structures. Newell and 
Evans (2011), with better exposures and access to offshore records were able to 
demonstrate syn-sedimentary uplift during the deposition of the Headon Hill Formation. 
However there is no detailed understanding for the structural evolution of the Hampshire 
Basin during the Tertiary at present.  
There are a number of studies that have discussed the regional tectonic setting 
associated with the evolution of southern Britain and the Hampshire Basin that give some 
indication of likely geological domains and depositional patterns. Several studies 
(Chadwick, 1986, Holdsworth et al. 2000, Gibbard and Lewin, 2003, Jackson, 2008, Evans 
et al. 2011; Hopson, 2011) are discussed here. Regional tectonic events relevant to 
southern Britain and the Hampshire Basin are summarised by Brenchley and Rawson, 
2006 (Figure 2.2). The following presents a synthesis of these works. There have been four 
major tectonic events responsible for the evolution of the Hampshire Basin:  
Phase 1 – Major basin development and deposition of Pre-Tertiary deposits- Late 
Paleozoic (416-251Ma) – Mesozoic (251-65Ma) 
The Late Paleozoic (Variscan) orogenic phase, forming Pangaea by the end of the 
Carboniferous Period resulted in several major thrust zones and north-west-oriented 
wrench faults. These thrusts form important structures in the subsequent tectonic 
development of southern England. A major period of stability, erosion and sedimentation 
continued through the Permian-Jurassic Period. The break-up of Pangaea during the 
Jurassic Period marked a long-lasting, dominantly tensional regime that led to the opening 
of the Atlantic. The basin extension continued throughout the Cretaceous period coupled 
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with sea-level rise leading to deposition of Lower Cretaceous successions (Wealden, 
Lower Greensand, Gault and Upper Greensand) in the basin. The Jurassic-Cretaceous 
crustal extension was accommodated on faults developed above the Variscan basement 
thrusts as a series of generally southward-throwing normal faults, creating half-graben-like 
structures of the Wessex Basin (Figure 2.3). Within the major Wessex Basin the Weald and 
Channel sub-basins are separated by the Hampshire Dieppe High. In the Late Cretaceous, 
further regional subsidence and the high sea level resulted in the deposition of the Chalk 
Group across the entire Basin.  
Phase 2- Tertiary Deposits - Paleocene to Oligocene (66.5-23Ma) 
Regression at the end of the Cretaceous combined with widespread uplift led to the 
emergence of land in northwest England and the generation of a regional dip eastwards and 
south east. An increase in erosion of both emerged and submerged regions resulted in a 
replacement of marine carbonates by Paleogene clastic sediments across parts of eastern 
and southern England. The London Basin and Hampshire Basin (which can be considered 
to be in the early stages of emergence) initially formed part of a large Cenozoic 
sedimentary basin covering southern England. During times of higher sea level there was 
intermittent connection with deeper grabens developing in the North Sea to the east and the 
Atlantic Ocean to the west. During intervals of low sea level, the basin was an area of 
swamp traversed by braided rivers, and thus the Paleogene strata record alternating 
transgression and regression. The deposition of marine and fluvial deposits in Paleocene to 
Oligocene was followed by the onset of a compressive tectonic regime during the early- to 
mid- Miocene (Alpine Orogeny).  
Phase 3 Basin and basement-structure deformation - Miocene-Pliocene (23-2.6Ma) 
Basin compression and inversion occurred as a result of the Alpine Orogeny. Most of the 
Mesozoic and younger rocks formed broad open folds or gently tilted strata, forming the 
widespread scarp and dip-slope topography present now. Reactivation of these structural 
lines is expressed in the Upper Cretaceous and Paleogene cover as mainly asymmetrical E-
W or NW-SE-trending folds. The major compressional event effectively reversed the 
movement of the major faults of the older Wessex Basin resulting in the structural 
inversion of earlier basins and highs. Tectonic activity was ongoing intermittently into the 
Pliocene and even the Pleistocene led to inversion of the Hampshire-Dieppe Basin and up-
doming of the Weald-Artois. The Alpine compression effectively separated (and fully 
defined) London Basin and Hampshire Paleogene Basin. In the Isle of Wight and adjacent 
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parts of the mainland the Alpine movements reactivated basement faults to deform the 
overlying Mesozoic and early Tertiary.  
As mentioned above, much work is underway to establish the exact pattern of any 
inversion, but this work remains incomplete and also relies upon the assumption that 
compression of Triassic-Early Cretaceous faults, themselves controlled by major Variscan 
thrusts can be resolved.  
Phase 4- Landscape reshapes-Pleistocene-Present (2.6Ma -) 
During the Quaternary major events are associated with alternations of interglacial and 
glacial events and wide fluctuations of relative sea level. Pleistocene glaciations in 
northern Britain eroded higher ground creating significant amounts of outflow and 
sediment that dissected topography in the south, depositing as fluvial, lagoonal or marine 
sediments depending upon sea level.   
 
Figure 2.2 Regional tectonic events relevant to southern Britain and the Hampshire Basin 
(Brenchley & Rawson, 2006). 
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2.4. Geological structure  
The bedrock geological structure of the Hampshire Basin is summarised from several 
studies (Melville and Freshney, 1982, White, 1921, Jackson, 2008, and particularly 
Hopson, 2011). The structural setting of the Hampshire Basin within the broader Wessex 
Basin is shown in (Figure 2.3). The Hampshire Basin falls within the Wessex Basin which 
extends over most of southern England, south of the London Platform and Mendip High. 
The Hampshire Basin is formed over a structural complex basement of a series of blocks 
that underwent repeat movements during the Palaeozoic and Mesozoic. These blocks were 
covered by Chalk. Syn- and post-depositional deformation of the Chalk has resulted in the 
formation of an asymmetrical syncline east-west trending Hampshire Basin (Figure 2.3), 
bound to the north by a gently dipping Chalk limb (Weald Anticline) and to the south by a 
steeply dipping Chalk limb (Purbeck and Isle of Wight Monocline).  
Two principal geological structures are present within the basin. The major E-W 
structure is the Purbeck and Isle of Wight Monocline, forming a near-vertical southern rim 
of the Hampshire basin. The E-W Dean Hill Anticline and the Alderbury-Mottisfont 
Syncline is present south of Salisbury. The major NW-SE structure is the Portsdown 
Anticline underlying Southampton and Portsmouth, This continues into the Littlehampton 
Anticline underlying Chichester and Worthing. In the northern Isle of Wight, the major 
NW-SE structures are the Porchfield Anticline and the Bouldnor Syncline. These have 
traceable counterparts on the Hampshire Mainland. 
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2.5. Paleogene chronostratigraphy and palaeogeography  
It is useful to understand the Tertiary succession and palaeogeography in southern and 
eastern England. The comprehension of the chronostratigaphy and palaeogeography of the 
Hampshire Basin is use to interpret and correlate geological/geotechnical data obtained 
from different sources. The strata referred in the geotechnical database need to be checked 
with the revise nomenclatures. In Britain, Paleogene sequences are mainly preserved in the 
Hampshire Basin and the London Basin and in small outliers in further west as far as 
Devon. The Neogene is most widespread in East Anglia. Generalised Tertiary succession 
in southern and eastern England is shown in Figure 2.4.  
 
Figure 2.4 Generalized Tertiary successions in southern and eastern England (Daley and 
Balson, 1999). 
 
 
 
 
 
 
Hampshire Basin 
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The Hampshire Basin contains Paleogene sediments spanning from Thanetian (late 
Paleocene) to Rupelian (early Oligocene). The succession represents a period of some 
23 million years. The current chronostratigraphy of the Hampshire Basin and London 
Basin is summarised in (Figure 2.5).  
 
Figure 2.5 Paleogene chronostratigraphy of Hampshire and London Basins (modified from 
Brenchley and Rawson (2006) to emphasise the chronostratigraphic sequences in the 
London and Hampshire Basins).   
The palaeogeography of major rivers of southern Britain during the Tertiary (Figure 2.6) 
has been recently discussed by Gibbard and Lewin (2003). The study has shown that 
during the Tertiary the palaeogeography of southern Britain was controlled by the position 
of the British Isles between the North Atlantic Ocean with its marginal basins to the west 
and the intra-continental North Sea to the east. Major rivers that existed throughout the 
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Cenozoic include the Solent, Hampshire (proto-Avon), Thames and Trent River. The 
evolution of this drainage system was shown to have extended or reduced their lengths in 
response to relative sea-level change and tectonic warping. Fluctuations in global eustatic 
sea-level cycles have resulted in alternating marine transgression and regression which 
influenced the depositional environments of the Hampshire Basin throughout the Tertiary. 
Paleogene lithofacies in relation to palaeogeography in southern Britain (Figure 2.7) have 
been recently discussed in detail by King (2006). In summary, there have been six major 
phases responsible for the Paleogene sequences of the Hampshire Basin. 
Phase 1- Late Paleocene - Thanetian (around 57-55Ma) 
In Late Thanetian, south and southeast Britain was low lying and inundated by marine 
transgressions from the east (Figure 2.7a). The earliest Tertiary deposit is the marine 
Thanet Sand Formation, comprising a series of glauconitic marine sands that rest directly 
on the eroded transgressive surface on Chalk as described by Ellison and Zalasiewicz 
(1996). The Thanet Sand Formation is restricted to the eastern part of the London Basin.  
Phase 2-Earliest Eocene (around 55Ma) 
Regression in the late Paleocene was probably tectonically controlled, associated with 
localized inversion. As a result a complex delta-lagoonal environment covered most of 
southern and eastern England (Figure 2.6a), leading to the deposition of coastal plain facies 
(Reading Formation) and marginal-marine facies (Woolwich Formation) in the London 
Basin and Hampshire Basin (Figure 2.7b). The Reading Formation in the western part of 
the Hampshire Basin indicates near shore lagoonal, brackish or fluvial origin sediments 
that accumulated in a deltaic complex (Bristow, Freshney and Penn, 1991). Further west at 
Studland Bay, the Reading Formation comprises fluvial channel-fill current-bedded 
granular sands containing plant fragments (Daley and Balson, 1999). 
Phase 3-Mid Ypresian (around 52Ma) 
The highest sea levels in the Paleogene were reached in the mid Ypresian. During this 
period, submergence was most extensive towards the west and linked the London Basin 
with the Hampshire-Dieppe Basin (Figure 2.6b). At this time, deep-water marine clay 
sediments previously confined to the central North Sea Basin extended throughout south 
and southeast England (Figure 2.7c) leading to the deposition of the London Clay 
Formation. At least five transgression and regression cycles represented periods of sea-
level rise followed by shallowing and coastal progradation (King, 1981). Thin marginal 
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sand and silt-dominated sediments are rare in the London Basin but are found in the 
Hampshire-Dieppe Basin in Dorset and western Hampshire, where they were subjected to 
pedogenesis (Gibbard and Lewin, 2003). Incised fluvial channels, formed during local sea-
level lowstands and then infilled by estuarine deposits during subsequent marine 
transgression are recorded from Portsmouth Sand Member and Whitecliff Sand Member 
across the basin (Edwards and Freshney, 1987a; Plint, 1988b). 
Phase 4- Lutetian (49-42Ma) 
Sea-level fall in late Ypresian led to regional regression. Coastal plain and fluvial 
sediments in the western Hampshire Basin indicated the position of the shoreline in this 
area (Figure 2.6c). Sediments of this age are generally shallow or marginal marine of 
Bracklesham Group (Figure 2.7d). In the western Hampshire Basin the London Clay 
Formation is succeeded by the coarse cross-bedded fluvial sands of the Poole Formation 
(Bristow, Freshney and Penn, 1991; Plint, 1983b; Daley and Balson, 1999). These sands 
pass laterally eastwards into silts and fine sands of estuarine and marine origin (White, 
1921; Aldiss, 2002).  
In the eastern Hampshire Basin a major sequence boundary within the upper 
Ypresian is represented by erosion and a locally deeply channeled surface of the basal units 
of the Wittering Formation. The upper part of the Wittering Formation marks a return to 
marginal-marine laminated clays and lignite. An early Lutetian transgressive surface at the 
base of Earnley Sand Formation comprising highly glauconitic shelly sands was deposited 
in inner neritic (coastal) environments. With progressive transgression, the abundance of 
the foram Nummulites lavigatus indicates a re-opening of the connection to the North 
Atlantic. The Earnley Sand Formation is overlain by the marginal-marine sediments 
(laminated clays and channeled estuarine sands) of the Marsh Farm Formation (middle 
Lutetian) that were deposited in similar environments to the Wittering Formation. A 
transgressive surface marks the base of the marine Selsey Formation (middle-upper 
Lutetian) comprising glauconitic Shelly sands, similar to the Earnley Formation. In the 
western Hampshire Basin the Selsey Sand is replaced by fluvial to marginal-marine 
Branksome Sand Formation (Hopson, 1999). The Marsh Farm Formation passes 
westwards into coastal plain and marginal-marine clays and sand of the Poole Formation 
(Barton et al., 2003). 
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Phase 5- Bartonian (42-37Ma) 
Renewed transgression in the late Lutetian re-established shallow marine environments 
throughout the southern fringes of the North Sea Basin (Figure 2.7e) leading to the 
deposition of marine Bartonian sediments of the Barton Clay Formation (Edwards and 
Freshney, 1987a). Identical species of numulites in the lower Bartonian in the Hampshire 
basin indicate that these areas maintained a marine connection (Edwards and Freshney, 
1987a). Marginal-marine facies in the western Hampshire Basin again indicate a coastline 
in this area. Freshwater and estuarine sediments in the western Hampshire Basin form the 
Boscombe Sand Formation (Plint, 1983b; 1988b).  
Phase 6-mid-Pribonian-Rupelian (37-28Ma)  
In the Hampshire Basin there is a shift at about the Middle-Upper Eocene boundary from 
dominantly marine to dominantly marginal marine to coastal plain of the Solent Group 
(Figure 2.7f). The sediment of the Solent Group was described by White (1921) and 
revised by Insole and Daley (1985). The Headon Hill Formation comprises limestones, 
silts, marls, sand and lignite. These sediments represent near-coastal environment 
including brackish lagoons, freshwater stream and shallow alkaline lakes in a low-energy 
embayment. The youngest Eocene Bembridge Limestone Formation represents deposition 
in a series of pools and lakes. The early Oligocene Bembridge Marls Member reflects 
deposition in a sluggish-water estuary. The Rupelian-age Bouldnor Formation comprises 
silts with plant and animal fossils of fresh- to brackish-water environments representing 
deposition in a low-energy estuarine or floodplain complex.  
No Tertiary deposits younger than the Early Oligocene have been described in the 
Hampshire Basin. Without evidence, it is difficult to know for certain, but it is widely 
assumed that subsequent Oligocene deposits have been removed. 
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Figure 2.6 The history of the major rivers of southern Britain during Tertiary (Gibbard and Lewin, 2003). Land areas are shown by dark 
purple, sea areas by bright purple. The Hampshire Basin is highlighted in red box. 
(a) (b) (c)
(d) (e) (f)
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Figure 2.7 Paleogene palaeogeography and lithofacies in southern Britain and adjacent areas.  Land areas are shown by brown color and sea 
showing in blue color (redrawn from King, 2006).  The Hampshire Basin is highlighted in red box.
(d) (e) (f)
Thanet Sand  
Lambeth Group  
London Clay  
Bracklesham Group  Barton Group  Solent Group  
(a) (b) (c)
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2.6. Paleogene stratigraphical nomenclatures 
The Palaeogene sequence of the Hampshire Basin presents five geological groups: 
Lambeth Group, Thames Group, Bracklesham Group, Barton Group, and Solent Group. 
The stratigraphic nomenclature used following most recent classifications is summarised in 
Table 2.1. Previous terminology is presented in Appendix A. 
Table 2.1 Paleogene stratigraphical nomenclature of the Hampshire Basin (Edwards and 
Freshney, 1987b; Insole and Daley 1985; Daley and Balson, 1999). 
Group Formation Member Bed 
SOLENT  
Bouldnor  
Cranmore Member  
Hamstead Member Nematura Bed 
Bembridge Marls Member Bembridge Oyster Bed 
Bembridge Limestone 
 
 
Headon Hill  
Seagrove Bay Member  
Osborne Marls Member  
Fishbourne Member  
Lacey's Farm Limestone Member  
Cliff End Member  
Hatherwood Limestone Member  
Linstone Chine Member  
Lyndhurst Member /Colwell Bay Member 
Venus Bed 
Brockenhurst Bed 
Totland Bay Member  
BARTON  
Becton Sand  Becton Bunny Member  
Chama Sand  
 
 
Barton Clay  
 
N.prestwichianus Bed 
Boscombe Sand  
 
 
BRACKLESHAM 
Branksome Sand  
 
 
Poole  
Parkstone Clay Member/ Parkstone Sand Member  
Broadstone Clay Member/Broadstone Sand Member  
Haymoor Bottom Clay Member  
Oakdale Clay Member/ Oakdale Sand  Member  
Creekmoor Clay Member / Creekmoor Sand  Member  
Selsey Sand  
 
N. variolarius Bed 
Tellina Bed 
Marsh Farm  
 
 
Earnley Sand  
 
N. laevigatus Bed 
Wittering  
 
Whitecliff Bay Bed 
THAMES  London Clay  
Christchurch Member  
Lytchett Matravers Sand Member  
Warmwell Farm Sand Member  
West Park Farm Member  
Durley Sand Member  
Whitecliff  Sand Member  
Portsmouth Sand Member  
Bognor Member  
Walton Member London Clay Basement Bed 
LAMBETH  Reading   Upnor (Reading Bottom Bed) 
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2.7. Paleogene litho-stratigraphy 
Typical lithostratigraphic description of the sediments of the Hampshire Basin is 
summarised mainly from geological memoirs (White, 1924; Bristow, Freshney and Penn, 
1991) and published works (Edwards and Freshney, 1987; Insole and Daley, 1985). The 
typical lithology of the Hampshire Basin and approximate thickness is summarised in 
Table 2.2. Detailed descriptions of formations relevant to this study are given in Chapter 3. 
Table 2.2 Typical lithology of the sediments of the Hampshire Basin 
Geological Formation 
Thickness  
(m) 
Typical Lithology 
Quaternary Deposits Up to 10 Calcareous Tufa, Alluvium, Estuarine Alluvium, buried Channel Deposits, 
River Terrace Deposits, Head Gravel, Older River Gravels, Clay-with flints. 
Bouldnor 120 Grey-green marls, clays, silts and sands, locally shell 
Bembridge Limestone 2-8 Massive, cream limestone with subordinate marls and clays 
Headon Hill 5-98 Clay with very fine-grained sand with clay laminate; laminated sand, silt and 
clay; marl, limestone and lignites 
Becton Sand 6-70 Very fine-to fine-grained sand  
Chama Sand 6-15 Greenish grey slightly glauconitic clayey silty very fine-grained sand grading 
down into greenish grey glauconitic extremely sandy clay, with some 
calcareous-cemented lenses of shells, mainly turritellids and Chama 
squamosa 
Barton Clay 9-80 Greenish grey glauconitic clay, locally shelly with very fine-grained sand, 
containing Nummulites Prestwichianus; Sideritic and calcareous concretions 
are present at several levels. 
Boscombe Sand 8-25 White and yellow, fine- to medium-grained sand; local gravel beds 
Branksome Sand 65-70 Fine- to coarse- grained sand, commonly lignitic sand; lenticular clay 
Poole 23-110 Fine- to coarse-grained, cross-bedded, commonly lignitic sands, interbedded 
with pale to dark grey, commonly carbonaceous, red-stained clay  
Selsey Sand 20-50 Greenish grey fine-grained silty sand,  sandy clayey silt, locally shelly and 
glauconitic, containing Nummulites Variolarious 
Marsh Farm 12-25 Grey, brown, laminated clay and sand with clay laminae and sand partings 
Earnley Sand 16-25 Green glauconitic silty fine to medium sand, sandy silt and sandy clay, 
containing Nummulites Laevigatus 
Wittering 5- 65 Grey, brown laminated clay, wavy- to lenticular sand interbedded with clay;  
fine- to medium grained sand with clay laminae, carbonaceous clay and 
lignite with rootlets 
London Clay 30-122 Greenish grey silty sandy clay, clayey and sandy silt, silty sand, commonly 
glauconitic; sporadic claystones and thin beds of flint gravel 
Reading Up to 49 Red-mottled clay, clayey sand, and gravel beds glauconitic clay and sand 
with flint gravels 
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2.8. Geological distribution across the study Area 
The distribution of the Paleogene sequences of the Hampshire Basin has been discussed by 
several workers (for instance Brenchey and Rawson, 2006; King, 2006). A geological map 
showing the distribution of geological formation of the Hampshire Basin is presented in 
(Figure 2.8). The basemap was produced from the digital 1:625 000 geological map (BGS 
mapping provided by Edina Digimap Collection, December 2010) and the boundary of the 
Barton Group and the Bracklesham Group was redrawn from the digital 1:50 000 
geological map provided by the Edina Digimap Collection (December 2010). The 
boundary of the Hampshire Basin is outlined by the exposures of the Cretaceous Chalk. 
The Paleogene sequences in the east Hampshire Basin between Portsmouth and Chichester 
is locally separated by the Chalk ridges of the Portsdown Anticline. The oldest sequences 
of the Lambeth Group and the Thames Group occur in narrow bands adjacent to the 
Cretaceous Chalk. The Bracklesham Group and the Barton Group underlie most areas of 
the basin but are exposed only at coastal sections or on steep (engineered) slopes. The 
youngest sequence of the Solent Group is only present in the centre of the basin and on the 
northern part of the Isle of Wight. 
A lateral variation in Paleogene sequences exhibited across the Hampshire Basin is 
presented in Figure 2.9 and Appendix A. The Bracklesham Group possesses great lateral 
variation in stratigraphical sequences and is subdivided into six formations within this 
group. The Wittering Formation interfingers westwards with the lower part of the Poole 
Formation, whilst the Marsh Farm Formation passes westwards into the upper part of the 
Poole Formation. The Selsey Sand Formation is replaced by the Branksome Formation 
(formerly ‘Bournemouth Freshwater’ and Bournemouth Marine’ Beds) in the west of the 
basin. 
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Figure 2.8 Distribution of geological groups of the Hampshire Basin. The basemap was produced from the digital 1:625 000 geological map 
and the boundary of the Barton Group and the Bracklesham Group was redrawn from the digital 1:50,000 geological map provided by the 
Edina Digimap Collections. Five geological groups are presented: Lambeth Group, Thames Group, Bracklesham Group, Barton Group and 
Solent Group. The Upper Chalk is also presented with grey colour, showing the boundary of the Hampshire Basin. 
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Figure 2.9 Lateral variations in Paleogene sequences exhibited by geological formations 
across the Hampshire Basin. Paleogene outcrop and key Paleogene localities in the 
Hampshire Basin: C-Christchurch Borehole, CB- Colwell Bay, H- Hordel Cliffs, S- 
Sandhills Borehole, TB-Totland Bay, W- Wilmingham Borehole (Brenchey and Rawson, 
2006).  
2.9. Paleogene localities of the Hampshire Basin 
Paleogene localities have been described by Daley and Balson (1999) providing summary 
of the stratigraphically important Paleogene section in the Hampshire Basin. 
Stratigraphically important Paleogene locations are given in Figure 2.10. These include 
seven localities: Whitecliff Bay (SZ 638857-SZ 645865), Alum Bay (SZ 305855), Headon 
Hill (SZ 310862), Colwell Bay (SZ 327878-SZ 331887), Bouldnor and Hamstead Cliffs 
(SZ 375902-SZ 405920), and Thorness Bay and Gurnard (SZ 436926-SZ 467953). The 
section of Paleogene strata in Whitecliff Bay and its continuation north-eastwards provides 
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one of the stratigraphically most continuous exposures of sediments of this age in Western 
Europe. At this site over 550 m of Paleocene to early Oligocene strata may be examined 
within a distance of just about 1 km. Alum Bay is the site that best demonstrates the 
relationship between the more marine succession to the east and the more continental 
succession to the west of the Hampshire Basin. Headon Hill provides the type locality for 
the Headon Hill formation and the Hatherwood Limestone Member that only developed at 
this site. Colwell Bay provides the type locality for the Colwell Bay Member and the 
Linstone Chine Member. Bouldnor and Hamstead Cliffs provide complete successions of 
the Bouldnor Formation and this is the only locality where the Cranmore Members are 
exposed. Thorness Bay is well known for the Bembridge Insect Bed (Insect Limestone) 
overlying above the base of the Bembridge Marls Member. 
The stratigraphically important Paleogene sections of the Hampshire Basin on the 
mainland are presented in Figure 2.11. These sections include nine localities: Studland Bay 
(SZ 438230-SZ 037828), Bournemouth Cliffs Bay (SZ 057891-SZ 138913), Hengistbury 
Head (SZ 167907-SZ 181906), Friars Cliff (SZ 195927), Barton Cliffs (SZ  200930-SZ 
283915), Wittering to Selsey Foreshore (SZ 765984-SZ 845926), Bognor Regis (SZ 
934987-SZ 889970), Shepherd’s Gutter (SU 261154-SU 265152), and Studley Wood (SU 
227158). Studland Bay represents the relatively thin Reading and London Clay Formations 
and this suggest proximity to the western margins of the Hampshire Basin. Bournemouth 
cliff presents fluvial, estuarine and shallow marine sediments (Branksome Sand and 
Boscombe Sand) presenting the western limits of the marine basin in early Bracklesham 
and Barton time. Hengistbury Head provides the best exposure of the marginal sandy 
facies of the Barton Clay. Friars cliff provides the tidal channel mouth bar facies of 
Boscombe Sand. Barton cliffs are of international importance as the type locality for the 
Barton Clay Formation. Wittering to Selsey foreshore section represents marine facies of 
the Bracklesham in eastern Hampshire Basin (Wittering, Earnley, Marsh Farm and Selsey 
Sand). Bognor Regis provides the most easterly exposure of London Clay Formation of the 
Hampshire Basin. Shepherd’s Gutter presents the locality on the mainland where the 
Selsey Sand formation is best exposed. This site also gives the evidence of the former 
existence of a fully marine north-westerly extension during the Lutetian stage. Studley 
Wood provides the exposure of the Selsey Sand Formation and Barton Clay Formation, 
representing marine conditions spanning the boundary between the Lutetian and Bartonian 
Stages. 
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Figure 2.10 Selected stratigraphically important Paleogene section of the Hampshire Basin in northern the Isle of Wight. Correlated 
stratigraphical column was produced from the review of Paleogene stratigraphy by Daley and Balson (1999) to summarise lateral variation in 
Paleogene formation across the Hampshire Basin. Inserted map of site location used are of the original map from Daley and Balson (1999). 
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Figure 2.11 Selected stratigraphically important Paleogene section of the Hampshire Basin on the mainland. Correlated stratigraphical column 
was produced from the review of Paleogene stratigraphy by Daley and Balson (1999) to summarise lateral variation in Paleogene formation 
across the Hampshire Basin. Inserted map of site location used are of the original map from Daley and Balson (1999).
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2.10. Quaternary deposits of the Hampshire Basin 
The Quaternary deposits of the Hampshire Basin are summarised from (Edwards and 
Freshney, 1987a; Bristow, Freshney, and Hopson, 1999). During the Quaternary, southern 
England experienced climate changes with periods of glaciation and interglaciation. 
During several of the colder episodes in the Pleistocene epoch extensive ice-sheets pushed 
southwards across England, but they did not reach into the Hampshire Basin. However, the 
presence of cryoturbation features and solifluction deposits suggested that this region 
experienced a periglacial climate during the Quaternary glaciations. Regional drainage in 
the Pleistocene was primarily N-S, with, for instance the Solent River draining much of the 
Hampshire Basin but at the end of the last glaciations during Holocene (Flandrian) sea 
levels became elevated and the Solent River was submerged, separating the Isle of Wight 
from the mainland. The Quaternary deposits in the Hampshire Basin include a wide range 
of fluvial deposits, including Older River Gravels, River Terrace Deposits, Buried Channel 
Deposits, Storm Gravel Beach Deposits, Brown Sand, Raised Beach Deposits, Raised 
Storm Beach Deposits, Calcareous Tufa, Peat, Alluvium, broad coastal spreads of 
Estuarine Alluvium and extensive thin spreads of Clay-with flints and Head. Clay-with-
flints typically comprise sandy clay with abundant flint nodules and gravels, generally 
capped on the high ground of the Upper Chalk with thickness between 0.5 and 1.0 m, 
derived partly from the insoluble weathering residue of chalk and partly from former 
Tertiary deposits. Head is generally confined to the bottom of valleys. The Older River 
Gravel (formerly Plateau Gravels) forms extensive deposits west of Southampton, mainly 
comprising clayey, sandy flint gravels, generally with thicknesses less than 4 m in 
thickness. River Terrace Deposits spread extensively along the valley of river systems of 
the Hampshire Basin, typically comprise sandy gravels with the thickness varying between 
1 and 7 m. The most extensive Storm Gravel Beach Deposits extends northeastwards from 
Hengistbury Head and almost closes the mouth of Christchurch Harbour. Brown Sand 
forms dunes on Studland Peninsular. Alluvium Deposits occurred along the major rivers of 
the Hampshire Basin mainly comprising flint gravel, clay, peat and calcareous Tufa. 
Estuarine and Alluvium Deposits mainly comprise mud, silt and sand with minor amounts 
of gravel forming broad areas of intertidal mud flats and salt marshes. The distribution and 
importance of Quaternary deposits is discussed in Chapter 3. 
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3. Geotechnical characteristics of Paleogene sediments  
3.1. Techniques for regional modelling of geotechnical 
properties 
3.1.1. Data requirements 
At the outset of this project, it was considered whether it was necessary or desirable to 
build a 3D model of the geotechnical properties of the Hampshire Basin. In a conceptual 
framework with perfect data consistency 3D ground modelling is certainly a possibility. 
Nevertheless, this is rarely achievable except in a very few locations where significant 
investment in ground investigations and research has been possible. As demonstrated in 
this chapter, due to the paucity of data it was instead decided to use 2D modelling 
techniques. However, it is useful to consider some key studies to explain this rationale.  
The wider availability of geotechnical data in geo-referenced and often digital form, 
coupled with improvements in computing techniques has resulted in a growing number of 
the construction of geotechnical modelling in many studies (Marinoni, 2003; Culshaw, 
2005, Choi and Dong Park, 2006; Entwisle et al., 2008; Thierry et al., 2009; Marache et 
al., 2009). These studies gave a basic concept and key steps for the construction of 2D or 
3D model: 
1. A geometric (spatial) boundary is set up 
2. A 3D grid data structure divides the database into a finite grid system 
3. Each grid cell is allocated attribute values generating a 3D raster data structure with 
four variables (x, y, z coordinates and attribute values). 
4. A model is generated to project or estimate values between data points or outside the 
modelled grid 
Entwisle et al. (2008) presented the development of a 3D geological model for the 
Clyde Gateway area (25 km2), Glasgow using 1,600 boreholes and trial pits from 77 
ground investigations. Entwisle et al. developed cellular (voxel) attribution and a range of 
geographical information system (GIS) analyses in conjunction with 3D model to present 
and interrogate the geodata. Entwisle et al. concluded that the attributed 3D geological 
model and GIS provide a user friendly interface to view and interrogate geology and the 
wide range of geodata to characterise the variability of the model units, but bulk attribution 
of the units could not be adequately represented. However, the method relied first upon 
establishing an engineering stratigraphy for the study area upon which a stratigraphy based 
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model could be constructed using GSI3D proprietary software. The complexity of the data 
and the non uniformity of the spatial distribution of the data meant that it was not possible 
to produce an entirely automated model of datapoints (Gibson, A.D. pers comm., 
December 2009).  
Marache et al. (2009) demonstrated the development of a 3D geotechnical model at 
the city scale (38.80 km2) for the town of Pessac, France using 2,050 boreholes and in-situ-
test results. Marache et al. used a statistical analysis based on bayesian methods to link 
relations between the pressuremeter modulus with depth or lithological formation. The 
study demonstrated that it is possible to estimate the pressuremeter modulus from 
lithological descriptions and vice versa. A 3D geotechnical model was constructed using 
geostatistical tools (kriging under inequality constraints and sequential indicator 
simulation) to present spatial distribution of probability of finding a specific lithology with 
the knowledge of the pressuremeter modulus. Marache et al. (2010) pointed out that 
kriging methods gave a smoothed image of the reality, thus underestimates the proportion 
of extreme values whilst sequential indicator simulation methods better describes natural 
variability giving results in terms of probability of occurrence of a geotechnical parameter 
value.  
Thierry et al. (2009) constructed a 3D geological model at the urban scale of Paris 
using geostatistical tools through interpolating the bottom and top surfaces of the 
geological formations from available boreholes and compiled geological maps. The study 
has reflected that although there are a number of boreholes (3,900 boreholes for the study 
area of 150 km2, showing in Figure 3.1), the first step for 3D modelling the geological 
frame of reference initially required grouping lithostratigraphic formations into large 
homogeneous units as far as their mechanical and hydro-geologic behaviours are 
concerned. 
Although it is possible to combine GIS methods and 3D modelling to predict 
spatial variations of geological and geotechnical properties, the construction of 3D model, 
the spatial analysis of a dataset, and the validity of the predicted model is often constrained 
by a number of factors including the amount of data, data distributions and stratigraphic 
knowledge. Each of the cases described above demonstrate that the inherent assumption 
that the constraints of geostatistical methods (typically random distribution, random 
attribution and completeness of dataset) could only be met under very particular 
circumstances. In the former example, this was not possible, and in the latter two, it could 
only be met with dense, well constrained datasets. It has been pointed out that while the 
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realistic portrayal of geological surfaces in 3D is become easier, it remains difficult to 
attribute the geological volumes defined by the surfaces with geotechnical property data 
meaningfully (Culshaw, 2005). For example, many factual site investigation reports will 
attempt to summarize the geotechnical properties of the geological formations encountered 
during the investigation by giving the ranges for the values of each parameter measured. 
As a result, the values can give little indication of the geological formation even at the site 
level. These limitations are perhaps a significant reason why geotechnical models are not 
common at a basin scale. At these wider scales, it is more likely that there are constraints 
on the data that are available or uneven stratigraphic knowledge (i.e. distinctive 
stratigraphic unit that is large enough to be mappable). No regional scale 3D geotechnical 
model has been found (though there are several regional models that are essentially 
attributed geological maps). The principal problems at regional scale might be: 
 A lack of geotechnical data of an adequate quality across the study area 
 Poor or uneven spatial distribution of geotechnical data 
 Poor stratigraphic distribution of geotechnical data 
 A lack of end-user requirement (either commercial or scientific) 
 
 
Figure 3.1 Distribution of borehole data for the 3D geotechnical modelling from the case 
study of Paris and the resulting predictive model for gypsum content within the subsoil 
(Thierry et al., 2009). The study demonstrates that there needs to be a near-complete 
distribution of data within the study area for prediction to be possible. 
3.1.2. Geotechnical modelling technique for this study 
As reviewed in this chapter, it was decided that, due to the spatially constrained exposure 
of the Paleogene geology and the relatively undeveloped terrain of the Hampshire Basin, it 
was unlikely that sufficient coverage of data would be possible for the entire region. This 
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study varies from those described above primarily in the scale of the area under 
investigation and the heterogeneity of the stratigraphic succession across the Hampshire 
Basin. As described in Chapter 2, there are 15 main stratigraphic formations, at least 33 
further stratigraphically significant members. Developing a robust 3D geotechnical model 
at a basin scale for this study (about 3,200 km2) remains a difficult task with respect to data 
availability and data consistency. A review of available geotechnical boreholes showed the 
quality of the geological descriptions is limited and do not always use a consistent lexicon. 
Furthermore, geotechnical parameters and soil test data are available only at much lower 
density and less consistency than non-geotechnical boreholes and not in a pattern that 
covers the vertical and horizontal variations present in the Hampshire Basin.  
In a landslide assessment, ground conditions and engineering geology are typically 
considered as contributing factors to landslide characteristics and movement mechanisms. 
It was necessary therefore to include geotechnical data in this regional model. The method 
used here to develop an understanding of geotechnical properties on basin scale for the 
whole Hampshire Basin involved the development of an engineering/geotechnical 
stratigraphy and classification for all strata based upon known geotechnical parameters by 
identifying stratigraphic and spatial trends in geotechnical characteristics. Based upon the 
approach outlined in Culshaw (2005), Entwisle et al. (2008) and Harrison and Foster 
(2006), this deterministic method was considered to be the most appropriate for the data 
available and the scale of model required. 
In addition, the model will provide:  
 Improvement in fundamental knowledge and understanding and also demonstrated 
to a wide audience that the distribution of geotechnical properties varies in a 
consistent manner according to geological evolution (known anecdotally but this 
need proper demonstration) 
 Providing improved input to behavioural/prediction models 
This research sought to examine the most effective way in which to model 
geotechnical properties in order to better understand the nature and distribution of 
landslides. The application of geotechnical model for the deterministic approach was 
described in section 5.1.3.4. The assessment of landslide susceptibility analysis for the 
Hampshire Basin was described in Chapter 6.   
 
34 
 
3.2. Previous geotechnical engineering studies  
3.2.1. Tertiary studies 
A regional context of engineering properties of the British Tertiary sediments has been 
collated by Cripps and Taylor (1981, 1986), providing the range of typical values for basic 
engineering properties of Paleogene sediments and other older mudrocks. These studies 
give an understanding of the rock and soil-like properties of the British Tertiary mudrocks 
and also discussion on classifying the boundary between weak mudrock and 
overconsolidated clay. Since both lithology of mudrocks and overconsolidated clays are 
the same, the classification of shear strength is commonly used in an engineering context. 
For example, Morgenstern and Eigenbrod (1974) proposed that a fresh rock-type 
(mudstone) should have an undrained shear strength greater than 1800 kN/m2 (Unconfined 
Compressive Strength, UCS >3.6 MN/m2). On this basis and pre-existing shear strength 
data collated by Cripps and Taylor (1981, 1986) all Mesozoic and Tertiary deposits would 
be deemed to be clays. However, based on the field strength classification proposed by the 
Engineering Group Working Party (1977) many of the overconsolidated clay horizons of 
the British Tertiary sediments range in strength from soft clays up to weak rocks 
(undrained shear strength >625 kN/m2). In addition, Cripps and Taylor (1986) further 
discussed variations in engineering characteristics of the Tertiary over-consolidated clays 
and concluded that significant causes of the variation include lithology, mineralogical 
composition, degree of weathering, geological loading, present burial depth, and type and 
method of testing.  
According to BS5930 (Anon, 1999), British Tertiary sediments tend to lie on or 
close to the boundary between being a (stiff) soil or (weak) rock. The distinction between 
stiff overconsolidated clay and indurate weak mudrock requires a classification system 
(Cripps and Taylor, 1986). The particular problem in describing stiff overconsolidated 
clays and weak mudstones, dense sands and weak sandstones and the boundaries between 
these has been demonstrated and discussed in detail by several works (Barton, Mockett, 
and Palmer, 1993; Spink and Norbury, 1993). 
A general engineering aspect of British clay stratigraphy was reviewed by Reeves 
et al. (2006). They pointed out that important clay formations found within the 
Carboniferous, Jurassic, Cretaceous and many clay-rich formations of the Mesozoic and 
Tertiary are in a state of over-consolidation. The significant engineering implication is that 
peak strength and residual strength should be considered for slope stability analysis in an 
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overconsolidated-clay. The drop in strength may occur in overconsolidated-clay due to 
their expansion on passing peak strength and associated increasing water content or platy 
clay minerals became orientated in the direction of shear and thereby offered less 
resistance. As a result, failure occurs once the stress on clay exceeds its peak strength and 
as failure progresses the strength of the clay along the shear surface is reduced to the 
residual value. Basic characteristics of over-consolidated clays can be found in (Skempton 
and Delory, 1957; Skempton, 1964; Skempton, 1970; Whitlow, 2001; Craig, 2004).  
3.2.2. London Basin studies 
Two significant regional studies of the London Clay Formation have been carried out, both 
concentrated upon the London Basin (Burnett and Fookes, 1974, Jones and Terrington, 
2011). These works present what is broadly considered to be the classic UK study of 
regional modelling within the London Clay Formation and in some ways can be reasonably 
considered to be a predecessor of this work. Therefore it is worthwhile considering the 
study in some detail.  
Burnett and Fookes (1974) demonstrated that the clay fraction of the London Clay 
(as it was then termed) in the London Basin increased eastwards, causing a corresponding 
increase in liquid limit but a reduction in quartz contents (Figure 3.2). Burnett and Fookes 
(1974) also concluded that there was an increase in montmorillonite from west to east 
corresponding with a depositional environment from shoreline to deep water. The study 
also showed that the vertical variation in lithology and mineralogy correlated well with 
stratigraphical zonation of the London Clay (Figure 3.3). It can be seen from Figure 3.3 
that the total clay mineral profile is the inverse of the quartz profile and the zonal 
boundaries are demarcated by the low clay mineral content. The main engineering 
implication from the study by Burnett and Fookes (1974) is that spatial variations in 
engineering properties were found to have a close relationship to lithological variation and 
thus to sedimentological rhythms of the London Clay Formation and that an understanding 
of this relationship was key to the construction of an engineering geology model of the 
area. It is useful to note that, in the Hampshire Basin, this model considered the London 
Clay formation from only 2 locations on the Isle of Wight and a further 3 inland. 
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Figure 3.2 Regional geotechnical properties of the London Clay Formation in the London 
Basin and Hampshire Basin (Burnett and Fookes, 1974), showing variation in  (a) quartz; 
(b) montmorillonite, (c) clay mineral, and (d) liquid limit.  
 
Figure 3.3 Correlation between sedimentological zonation of the London Clay Formation 
and some engineering characteristics (Burnett and Fookes, 1974). 
Liquid Limit Clay Mineral 
Quartz  Montmorillonite  
(a) (b) 
(c) (d) 
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Jones and Terrington (2011) determined spatial variations in modified volume change 
potential (VCP) of the London Formation in 3D using 11,366 data locations across the 
London Basin and Hampshire Basin. The study found that general trends and variations in 
plasticity with area and with depth can be depicted using statistical analyses (Figure 3.4). 
This study also showed that over 50 % of their sample data from the Hampshire Basin fall 
into the Medium VCP classification. In the London Basin, VCP was found to increase 
from west to east with 59 %, 72 %, 86 % of the sample falling within the high to very high 
VCP in the west, centre and the east of the London Basin, respectively (this will be 
discussed further in the Discussion Chapter). In confirming the regional trend established 
by Burnett and Fookes (1974) they concluded that the spatial variations can be related 
directly to the palaeogeography of the areas; high VCP being considered to represent the 
more distal marine areas in the east of the London Basin. However, the statistical analysis 
does not reveal true multi-dimensional variations and the detail is lost with large amounts 
of data spread over a wide area. Due to the limitation of their statistical methods, Jones and 
Terrington (2011) spatially analysed using interpolation with inverse distance weighting 
technique (IDW) and also developed 3D modelling using Voxet and S-Grid model types. 
However, in this study the 3D modelling was only applied to the London Basin due to 
limited data and their distribution in the Hampshire Basin. The study pointed out that the 
IDW interpolation technique is affected by the data distribution limiting the validity of the 
predicted model. In addition, the IDW allows only snapshots at different depth intervals 
but the S-Grid allows interactive and dynamic visualizations of the data at various depths 
and location. 
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Figure 3.4 Spatial variation in potential volume change of the London Clay Formation 
(Jones and Terrington, 2011): a) distribution of borehole data; b) the statistical analysis 
presented by the extended box- and-whisker c) IDW interpolation for all samples using 
mean modified plasticity index (Ip); d) 3D interpolation with a Voxet model. 
Classification for potential volume change: Non-plastic (Ip<10), low VCP (Ip=10-20), 
medium VCP (Ip20-40), high VCP (Ip=40-60), very high VCP (Ip> 60). 
 
Hight et al. (2007) examined characteristics of the London Clay Formation from 
the Terminal 5 site at Heathrow Airport. The investigation found that the lithological 
boundaries (Division A to E as defined by King, 1981) coincide more clearly with breaks 
in the trends in water content data than in the plasticity data (Figure 3.5). However, the 
coarsening upwards is reflected by the trend for a reducing liquid limit through units A3 
and B2 (b). The significant engineering implication from this study is that it is reasonable 
to expect variations in geotechnical properties of the London Clay Formation associated 
with the sedimentological cycles and depositional environments within this formation. 
(a) 
(b) 
(c) (d) 
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Figure 3.5 Profile of water content (left) and index properties (right) with lithological unit 
and sub-unit boundaries of the London Clay Formation (Hight et al., 2007). 
Reeves et al. (2006) discussed engineering problems related to the London Clay 
Formation in the London Basin. The primary issues they identified were related to its high 
plasticity and susceptibility to shrink/swell behaviour resulting in foundation damage. 
Landslides are found on slopes in excess of 10 throughout the London Clay outcrop in 
Kent, Essex, and North London (Hutchinson, 1967; Skempton and Delory, 1975). Coastal 
landslides in the London Clay are found at Beltinge (Hutchinson, 1970; Hutchinson and 
Bhandari, 1971), Herne Bay (Bromhead, 1978), and Warden Point (Dixon and Bromhead, 
2002) and these previous geotechnical investigations provides an understanding of failure 
mechanisms on the coastal cliffs of the London Clay formation in the London Basin. The 
fundamental mechanism of contemporary landsliding was found to involve with the role of 
pore water pressures associated with loading and shear strength reduction associated with 
stress relief. The general mechanism is that first-time slides occur in slopes that have been 
steepened by marine erosion and then a failure mechanism has been proposed whereby 
stress relief which accompanies formation of the slope. This leads to deformation along a 
bedding feature reducing shear strength close to residual thus promoting further slope 
failures.    
Sandy glauconitic 
Homogeneous silty clay 
Sandy glauconitic clay 
Silty clay with many thin 
sand/silt partings 
Homogeneous silty clay 
Very silty and sandy clay 
Mainly homogeneous silty clay 
Some thin and very silty and sandy beds 
40 
 
Other key studies that consider the engineering properties of the Tertiary 
succession in the London Basin include the engineering study of the Lambeth Group 
(Skipper, 1999, Page and Skipper, 2000, and Hight, Ellison and Page, 2004). These studies 
and a workshop led by Dr. Jackie Skipper (Geotechnical Consulting Group) on the 
stratigraphy of the Lambeth Group (attended by the author on 2nd March 2010, provided 
better understanding of the depositional environment, classification of lithology and 
identification of key horizons and their engineering properties within the stratigraphical 
framework.  
The geotechnical properties of the Claygate Beds and Bagshot Beds which 
represent the uppermost sandy units of the Tertiary in the London Basin were investigated 
by Northmore, Bell and Culshaw (1999) providing basic geotechnical properties of these 
two beds. They found that the clay in both beds may exhibit a tendency for swelling and 
shrinking due to their montmorillonite content and the undrained shear strength parameters 
of the materials in the Bagshot Beds (especially in the sands) is influenced by the amount 
of cementation, compaction and the degree of interlocking of the grains. The study also 
suggested that recognition of the London Clay-Claygate Beds boundary has some 
engineering significance in that landslides often occur close to the junction commonly 
marked by springs which emanate from the sandy, more permeable layers within the 
Claygate Beds.  
 
3.2.3. Hampshire Basin studies 
This section reviews previous geotechnical studies of the Hampshire Basin in order to 
develop an understanding of the geotechnical characteristics of the Paleogene sediments in 
this region through collation of existing geotechnical information to develop a geotechnical 
model. Geotechnical characteristics of the sand units of the Tertiary sediments of the 
Hampshire Basin were studied by several workers. Barton (1974) studied the Bagshot 
Sands, Boscombe Sands, Mudeford Sands and Barton Sands in the Hampshire Basin. He 
demonstrated that the sands exhibited relative low strength (0.9-751 kN/m2) and brittle 
behaviour. In addition, the occurrence of iron-stained lenses was common and iron oxides 
may form hard cement and making the lens into hard sandstones. Not all the sands tested 
behaved as granular soils and possessed measurable cohesion but could be readily reduced 
to the consistency of sand by the strains imposed during sampling. Both the stress/strain 
behaviour and the yield strength were sensitive to moisture content. Barton suggested the 
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cohesion of the sands was induced by the surface tension of moisture films of inter-particle 
contact and also a natural cementing agent. Therefore, the surface tension induced 
cohesion would be sensitive to moisture changes and also that induced by a cementing 
agent if the latter is either soluble or structurally affected by water.  
Barton, Palmer, and Wong (1986) investigated particle size, state of packing, shear 
strength characteristics and mineralogy of Bagshot Sands and Barton Sand. Both soils 
comprised mainly quartz and presented high peak shear strength envelopes (c=0-77.4 kPa, 
=39-50; r=28.8-33.9) and their relative dry density was greater than 100%. Natural 
slopes in the two sands were steeper at angles larger than the measured value of . The 
measurement of average slope angles in the field was 77 for the Bagshot Sand and 55 for 
Barton Sand. Based on the criteria of Dusseault and Morgenstern (1979), Barton, Palmer 
and Wong (1986) considered that the two Tertiary Sands can be classified as partially or 
weakly locked sands.  
Barton and Palmer (1989) studied the relative density for all British Sands and 
found that a general trend of increasing relative density with geological age can be 
established. The relative density ranged between 23 and 57 % for recent and Pleistocene 
sands and 90 and 122 % for the Tertiary and Mesozoic Sands. Barton and Palmer (1989) 
suggested that the Tertiary sands can be classified as weakly locked sands while some of 
the Mesozoic sands are locked sand. Barton and Palmer (1989) proposed that the values of 
relative density corresponding to the weaker locked and locked sand boundaries are 100 
and 120, respectively.  
Geotechnical characteristics of the Bracklesham Group in Southampton were 
investigated by Barton (1979). The study presented that the Bracklesham Group contained 
a variety facies (stiff fissured clays, laminated to thin-bedded silty clays, and fine to coarse 
sands). The litho-facies of laminated clays with fine sand partings gave a range of strength 
(c=0-55 kPa, =18-32) whilst the litho-facies of predominantly sands gave a value of 
c=0 kPa, =32. Both cliff and inland exposures of Bracklesham Sands in the Hampshire 
Basin showed very dense sands with partially open joints with sufficient apparent cohesion 
developed for low cliff face to stand vertical. Geotechnical characteristics of the Barton 
Clay at Fawley were investigated by Marshland and Butler (1967) giving a range of 
strength (c=7-35 kPa, =18.5-38). Barton (1979) suggested that the lower limit of shear 
strength perhaps approximating to fissured-strength whilst the upper limit represented the 
intact sample-strength. A seminar, attended by the author on the Bracklesham Group and 
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its impact on the behaviour of engineering structures giving by Dr. Felix Schroeder (20th 
April 2010) demonstrated the difficulties in engineering works that encounter within this 
group due to their considerable geotechnical variability related to their depositional 
environments.   
The Bembridge Limestone was studied by Daley (1969; 1971), although not 
geotechnical in nature, he did describe characteristics that indicate engineering behaviour. 
The studies showed that the Bembridge Limestone was fine grained, comprised up to 84% 
calcite with the quartz component concentrated in near-parallel laminae, together with 
micrite pellets, shell fragments and glauconitic grains. A detailed lateral variation in 
stratigraphy was investigated by Daley and Edwards (1990). The lithological sequences of 
the Bembridge Limestone Formation varied in the composition carbonate and /non-
carbonate from lithified limestone to marly limestone. Daley (1971) suggested that layers 
with carbonate in excess of a critical carbonate/clay ratio of 4:1 became limestone on 
contemporaneous lithification and subsequently remained relatively cohesive and 
unaffected by later wetting. In contrast, bands with lower carbonate content reacted as 
marls and became plastic and mobile when wet. In terms of instability problems related to 
Bembridge Limestone, therefore, the carbonate/clay ratio is critical in determining whether 
or not the sediment was mobilised. With excess clay, wetting resulted in plasticity, 
mobilisation and flows. Layers with excess carbonate, by contrast, remained relatively 
rigid and cohesive when wetted. These more rigid layers were sometimes broken into 
blocks.  
Clay mineral analyses of the Hampshire Basin were investigated by several 
workers. As with the Daley studies, these are not strictly engineering studies but provide 
useful information on the geotechnical behaviour that might be expected. Gilkes (1968) 
carried out quantitative clay mineral analyses of the Tertiary formations of the Hampshire 
Basin and found that the distribution of clay mineral suites was not solely determined by 
facies. He demonstrated a geographic variation, with illite-kaolinite dominant sediments in 
the west and montmorillonite-illite dominant sediments in the east of the region. For 
example, the presence of montmorillonite in non-marine Reading Beds at Otterbourne and 
Bishops Waltham and kaolinitic-marine sediments in the Hengistbury beds at Hengistbury. 
Smectite content was also relatively high in the Barton Clay at Barton, especially in the 
Middle Barton Clay (Bale, 1984; West, 2009), shown in Figure 3.6.  
Gale et al. (2006) carried out XRD analysis of the clay fraction on samples of the 
Solent Group taken from Whitecliff Bay (Figure 3.7). They found that three broad clay 
43 
 
assemblages can be defined: (1) smectite-rich>illite-rich=kaolinite>chlorite, (2) illite-
rich>smectite-rich>kaolinite>chlorite and (3) illite-rich>smectitie-rich=kaolinite=chlorite. 
Assemblage 1 is typically green with some colour mottling, slickensides and calcareous. 
Assemblage 3 is typically grey, sometimes laminated, but never mottled or slickensided. 
The significant engineering implication is that the presence of smectite contained in the 
clay soils may lead to shrinking and swelling potential. The swell effect is accompanied by 
a softening has resulted in a reduction in strength leading to instability. The geological 
formation that exhibits a tendency for shrinking and swelling includes the dominant clay 
strata especially the marine facies of the Reading Formation, London Clay Formation, in 
the eastern part of the Hampshire Basin, Barton Clay Formation, and also Colwell Bay, 
Cliff End, Fishbourne, Osbourne Marls and Bembridge Marls Members of the Solent 
Group. 
Bristow et al. (2002) summarised and compared the geotechnical properties of the 
Poole Formation in the western part of the Hampshire Basin. The clay rich members of the 
Poole Formation are ball clay-bearing host clays in the Wareham areas. The outcrops of 
the clay units vary across the basin, showing great variation in thickness from 0-56 m, but 
generally in the range 5 to 16 m. The clay demonstrates high dry strength, high plasticity 
and was kaolinite rich (20-80 %) with a significant component of carbonaceous matter. 
The Creekmoor Clay Member is the most kaolinite-rich (52.5 % kaolinite content) and 
least siliceous host clay, whilst the Oakdale Clay Member has the thinnest, least persistent 
host clay with relatively low kaolinite contents. Broadstone Clay has the second highest 
average kaolinite value (45.1 %). The Parkstone Clay Member has the lowest average 
kaolinite content (31.9 %). Properties of the clay can vary quite rapidly over short 
distances. The clays can be silty, locally carbonaceous and lignitic, commonly laminated 
and patchily red-stained. The sand content of Creekmoor Clay increases northward with a 
decrease in kaolinite. Carbonaceous beds are common at several levels in the Oakdale Clay 
and Broadstone Clay. Plasticity of the clay typically increases with decreasing particle size 
and with increasing proportion of kaolinite (Glasson, 1993). Grading properties of the sand 
units in the western part of the Hampshire Basin were analysed by Bristow et al. (2002). 
The analysis showed that average percent fines (<63 m) of Branksome Sand, Poole Sand 
and London Clay Sand are 2.87 %, 4.4 % and 10.43 %, respectively. The outcrops of the 
sand units of Poole Formation vary across the basin, showing great variation in thickness 
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from 0-44 m, but generally in the range 10 to 15 m and may contain silt, clay, gravel and 
iron-cemented beds.  
Some engineering aspects related to instability have been discussed by several 
workers. Gerrard (1988) pointed out that over-consolidated clays may allow strain 
softening over time, leading to deformation and progressive failure. A reduction in strength 
of over consolidated clays (from peak strength to residual strength) may lead to 
progressive failure and reactivation of landslides. Winfield et al. (2007) investigated the 
reactivated landslides at Seagrove Bay and found that the slip surface occurred within the 
Fishbourne Bed of the Headon Hill Formation which comprised very high plasticity clays 
and demonstrated low measured residual angles of friction of 6 to 7. Anderson and 
Richards (1981) found that a slope gradient of 12 marks approximately the division 
between stable and unstable condition of natural slopes in the London Clay Formation of 
the Hampshire Basin.  
It can be seen from the extensive review above that variations in geotechnical 
properties of the sediments of the Hampshire Basin has been strongly influenced by the 
depositional environments and sedimentological structures. Therefore, an understanding of 
the stratigraphical succession of the Hampshire Basin is very important to enlighten the 
framework of the engineering stratigraphy of the Hampshire Basin. 
 
45 
 
 
Figure 3.6 Clay mineralogy of the Barton Group of the Hampshire Basin (Bale, 1984; 
West, 2009) showing localised nature of swelling clays. 
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Figure 3.7 Clay mineralogy of the Solent Group in Whitecliff Bay, calculated by semi-
quantitative XRD of <2µm clay fraction, I/S illite-smectite (Gale et al., 2006). High 
smectite-rich clay intervals highlights in green. These could be anticipated to me more 
susceptible to landsliding. 
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3.3. Method 
The development of a geotechnical model had 4 stages: 
1. Data collection and visiting the BGS Geotechnical Archive in Keyworth, Nottingham 
and Hampshire County Council Geotechnical Archive in Winchester. Including 
compilation and interrogation of published geological maps, literature, archive data and 
relevant paleontological markers (Table 3.1, Figure 3.8) 
2. Field examination of key stratigraphic sequences at several Paleogene exposures  
a. Whitecliff Bay [463815 85757]-Reading Formation to Bouldnor Formation  
b. Alum Bay [4630529 85223]-Reading Formation to Headon Hill Formation 
c. Headon Hill [430552 85954]– Headon Hill Formation  
d. Totland Bay [431683 86367]-Headon Hill Formation 
e. Boscombe[411535 91222] –Boscombe Sand Formation 
f. Barton-on-Sea [421925 93109]-Barton Clay Formation  
g. Milford on Sea [425680 92450] –Headon Hill Formation 
h. Bognor Regis [493125 98760]-London Clay Formation 
3. Sample collection and training for laboratory testing (mainly for the purpose of 
building up a working knowledge of geotechnical behaviour, Appendix B).  
a. Moisture content (BS1377:Part 2) 
b. Liquid limit (cone penetrometer) and plastic limit test (BS1377:Part 2) 
c. Shear box test (BS1377:Part7-Test4) 
d. Undrained shear strength- (BS 1377: Part8) 
e. Uniaxial compressive test- (ISRM)  
4. Development of new engineering stratigraphy of the Hampshire Basin 
a. Compilation of a geological framework within a GIS platform using ArcGIS 
10.0 software utilising the geological datasets in Table 3.1 and development of 
regional stratigraphic divisions.  
b. Re-interpretation of relevant geotechnical boreholes and other data utilising 
knowledge of exposures to describe the engineering characteristics of 
Paleogene sediments 
c. Re-division of geological units according to geotechnical categories and spatial 
variation. Interpretation of all geological and geotechnical data and 
reclassification of geotechnical unity by grouping lithostratigraphic formations 
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into large homogeneous units as far as their depositional facies and engineering 
characteristics are concerned. 
Table 3.1 Data used for the geotechnical analysis 
Data Description Data Source 
Digital datasets Digital topographic data 
 OS MiniScale 1:1,000,000 (Raster) 
 OS 1:250,000 Scale Raster 
 OS Strategic, 1:250,000 
 OS 1:50,000 Scale Colour Raster  
 OS 1:25,000 Scale Colour Raster 
 OS 1:10,000 Scale Raster 
Digital geological data 
 BGS Data 1:625,000 
 BGS Data 1:25,000 
 BGS Data 1:50,000 
Digimap Collections/ 
Ordnance Survey 
mapping 
collection/BGS 
(http://edina.ac.uk/digi
map) 
 
BGS datasets BGS  National Geotechnical Properties Database Lexicon Name of 
Rock Units database (4805 sample data) 
Borehole Scan (BGS Borehole record viewer on the BGS Website) 
BGS geological memories and reports 
Soil testing data on the Isle of Wight (18 sample data) 
BGS main office at 
Keyworth,  Nottingham 
(BGS Website 
(http://www.bgs.ac.uk) 
Site 
investigation 
reports 
Horndean:A3 Bus Priority Corridor  
Denmead: Denmead Infant School 
Denmead: Denmead County Primary School 
Hedge End : Down’s Farm 
Eastleigh: A33 Chandler’s Ford Bypass 
Eastleigh: Nightingale Primary school 
Minstead: Red Open Ford Bridge 
North Charford: Hale Primary School 
East Wellow: Broadwoods Lane Culvert 
Moorgreen Road, West End 
Durley: Durley primary School 
Hedge End: Hedge End Slip:B3036/Junction 7 M27 
Portsmouth: Portsmouth Harbour Crossing Hampshire 
Minstead: A31 Stoney Cross 
Minstead: A31 Castle Malwood 
Minstead: A31 Malwood Hill 
Southampton: Marchwood Power Station 
Southampton: Western Esplanade 
Geotechnics Section  
Hampshire County 
Council 
Previous 
research 
Cripps and Taylor (1981, 1986 ); 
Barton (1974, 1979); Barton, Palmer, and Wong (1986)  
Barton and Roche (1984); Bell (2000); Gale et al. (2006) 
Gilkes (1968); Hutchinson and Bhandari (1971) 
Available published 
paper  
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Figure 3.8 Distribution of borehole data and geotechnical information in the Hampshire Basin used in this study.  
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3.4. Results 
3.4.1. Field investigation 
Field investigations were carried out to visit the Paleogene outcrop in several localities in 
the Hampshire Basin in order to identify key lithological horizons and to gain a better 
understanding of the stratigraphical sequences and their engineering characteristics in this 
region. The Whitecliff Bay section [SZ638857-SZ645865] and the Alum Bay section [SZ 
305855] provide the most stratigraphically continuous Paleogene stratigraphy in the 
Hampshire Basin (Figure 3.9 and Figure 3.10). The distinctive sedimentological 
characteristics of the Paleogene sequences that can be recognised include: 
 Sedimentological rhythms  
The sedimentological cycle is well represented by the exposure of the London Clay 
Formation (Figure 3.11).  
 Stratigraphical boundary 
Stratigraphic boundaries between geological formations were sometimes but not always 
recognised by lithological changes (Figure 3.12). It was necessary to use forams and other 
indicator fossils to identify stratigraphic horizons in the Bracklesham Group and Barton 
Group.  
 Sedimentary facies related to deposition environment 
Variation in sedimentary facies is well represented by distinctive lithology. For example, 
the sand strata of the Earnley Sand Formation represent marine sands of the Bracklesham 
Group (Figure 3.13), the heterolithic units of laminated sand and clay of the Wittering 
Formation represent transgressive estuarine, lagoonal and marsh complex deposits (Figure 
3.14), and the Bembridge Limestone Formation represents freshwater limestone deposits 
(Figure 3.15). 
An understanding of stratigraphy and sedimentology of the Paleogene sequences 
was essential in determining vertical and lateral changes in lithology that might be 
expected and thus the potentially relevant engineering characteristics. The fundamental 
basis of the stratigraphical boundary and sedimentological zonation of the Paleogene, 
therefore, facilitates determining spatial variations in geotechnical properties across the 
Hampshire Basin. 
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Figure 3.9 Paleogene section at Whitecliff Bay, Isle of Wight (SZ638857-SZ645865), photo taken 29 July 2009. This section provides the 
type section of 5 geological groups with over 19 stratigraphical units of the Paleogene sequences of the Hampshire Basin.  
 
 
Lambeth Group 
Reading Formation 
Thames Group 
London Clay Formation 
Bracklesham Group
Solent Group 
Bembridge Limestone Formation and Bouldnor Formation 
Upper Chalk 
 Headon Hill Formation 
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Figure 3.10 Paleogene succession at Alum Bay, Isle of Wight [SZ 305855], photo taken 24 
July 2011. The field visit at this site is presented in more detailed in Appendix D. 
 
 
 
Figure 3.11 Sedimentological rhythms of London Clay Formation [463837 85870].   
The London Clay Formation comprises a series of coarsening-upward divisions. The sandy 
strata are present at the top of each division. 
Sand Sand Sand 
Reading  
Upper Chalk Bracklesham Group 
Barton Sand 
Headon Hill 
London Clay 
London Clay Basement Bed 
London Clay (Division A) 
London Clay (Division B) 
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Figure 3.12 Stratigraphical boundary between London Clay Formation and Wittering 
Formation [463889 86006]. The top of the division D (Whitecliff Sand Member of London 
Clay Formation) is marked by a very prominent, thin unit of black flint gravels.  
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Figure 3.13 Sedimentary facies offshore shelf marine environments [463928 86061]. The 
Earnley Sand Formation comprises marine sand deposits as represented by glauconitic 
fine-grained sands containing marine molluscs and large foraminifera Nummulites 
laevigatus. 
 
 
 
 
cm 
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Figure 3.14 Sedimentary facies transgressive estuarine, lagoonal and marsh complex 
environments [463892 86018]. The Wittering Formation comprises transgressive estuarine, 
lagoonal and marsh complex deposits as represented by interbedded silt, clay, sand and 
lignite.   
 
 
Figure 3.15 Sedimentary facies fresh water limestone (Bembridge Limestone Formation) 
[464141 86293]. 
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Field investigations were considered within a framework of 3 categories of engineering 
description: 
 fine soils  
 coarse soils 
 rocks 
Accessible exposures were used to demonstrate engineering characteristics for each 
category and field engineering classification is given in Table 3.2.  Fine soils categories 
included the predominantly clay lithology of the Paleogene formations such as the clay 
strata of the Reading Formation, the clay strata of the London Clay Formation, the clay 
strata of the Headon Hill Formation and the clay strata of the Barton Clay Formation 
(Figure 3.16). Most of these clay dominant formations can be accessed at the Whitecliff 
Bay section, except for the Barton Clay formation that is well exposed at Barton on Sea.  
 
 
 
Figure 3.16 Exposures of the fine soils of the Hampshire Basin: a) the clay strata of the 
Reading Formation [463853 85797], b) the clay strata of the London Clay Formation 
[463856 85829], c) the clay strata of the Headon Hill Formation [464103 86267], 
Whitecliff Bay and d) the clay strata of the Barton Clay Formation at Barton-on-Sea 
[422097 93133]. See Table 3.2 for field descriptions. 
a) b)
c) d)
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Coarse soils in this study included the predominantly sand lithology of the Paleogene 
formations such as the sand strata of the Whitecliff Sand Member (London Clay 
Formation), the sand strata of the Earnley Sand Formation, the sand strata of the Chama 
Sand Formation, and the sand strata of the Barton Sand Formation (Figure 3.17). See Table 
3.2 for field descriptions. 
 
 
 
 
 
Figure 3.17 Exposure of the coarse soils of the Hampshire Basin: a) the sand dominant 
strata of the Whitecliff Sand Member of London Clay Formation [463871 85967], the sand 
dominant strata of the Earnley Sand Formation [463928 86061], c) the sand dominant 
strata of the Chama Sand Formation [464002 86170] and d) the sand dominant strata of 
Barton Sand Formation [464021 86194]. See Table 3.2 for field descriptions. 
 
 
 
 
 
a) b)
c) d)
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In soil type categories, heterolithic lithologies were well developed at certain horizons. 
Laminated soils are distinctive characteristics of the Wittering Formation and Marsh Farm 
Formation of the Bracklesham Group. Therefore, it may useful to consider these two 
formations as separated units of fine or coarse soils and laminated soils. The exposures of 
laminated soils of Wittering Formation at the Whitecliff Bay are illustrated in Figure 3.18. 
See Table 3.2 for field descriptions. 
 
 
 
Figure 3.18  Exposures of laminated soils of Wittering Formation, Whitecliff Bay, Isle of 
Wight [463892 86018]. The Wittering Formation comprises heterolithic laminated soils: a) 
thinly to thickly laminated silt and clay and some thicker, cross-bedded SAND; b) sand 
interbedded with thinly laminated CLAY; C) inter-laminate silty clay and partings of grey 
green fine sand with thin seams of coals; and d) distinctive lignitic bed (Whitecliff Bay 
Bed) presented in the upper part of the Wittering Formation. See Table 3.2 for field 
descriptions. 
 
 
 
a) b)
c) d)
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Materials classified as rocks in the study area include the predominantly lithified rocks that 
presented at some level of the Paleogene formations such as the limestone beds of the 
Bembridge Limestone Formation, the fossiliferous limestone beds of the Howledge 
Limestone Member (Headon Hill Formation), and the iron-sandstone beds of the 
Portsmouth Sand Member (London Clay Formation) (Figure 3.19). The Bembridge 
Limestone is present only in the northern Isle of Wight with several inland quarries such as 
Prospect Quarry and Tapnell Farm Quarry. The limestone units of the Headon Hill 
Formation (Howledge, Hatherwood and Lacey’s Farm Members) are exposed on the north-
west part of Headon Hill. The Hatherwood Limestone is the most prominent. The Upper 
Chalk exposed at the southern rim of the Hampshire Basin at Whitecliff Bay was also 
presented in Figure 3.19d. 
  
 
 
 
 
 
Figure 3.19 Exposures of the rocks of the Hampshire Basin. a) limestone beds of 
Bembridge Limestone Formation [464141 86293]; b) fossiliferous limestone beds of 
Howledge Limestone Member of the Headon Hill Formation [431634 86298]; c) iron-
sandstone beds of Portsmouth Sand Member of the London Clay Formation [463869 
85955]; d) Upper Chalk [463931 85706]. See Table 3.2 for field descriptions. 
 
a) b)
c) d)
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Table 3.2 Field engineering description of the Paleogene of the Hampshire Basin as shown 
in images above. 
Engineering Materials Engineering Descriptions Figure 
Fine soils Soft to firm, medium strength, high plasticity, red-mottled CLAY 
(Reading Formation) 
3.16 (a) 
Soft to firm, medium strength, high plasticity brownish grey silty 
sandy CLAY  (London Clay Formation) 
3.16 (b) 
Soft to stiff low strength high plasticity green CLAY 
(Fishbourne Member, Headon Hill Formation) 
3.16 (c) 
Stiff to very stiff high strength high plasticity bluish grey CLAY   
(Barton Clay Formation)  
3.16 (d) 
Coarse soils Dense to medium dense,  non-plastic  well sorted, fine to medium 
grained, cross-bedding white and orange SAND  
(Whitecliff Sand Member of London Clay Formation) 
3.17 (a) 
Dense to very dense, non-plastic, glauconitic, fine grained green 
SAND with shell fragments  (Earnley Sand Formation) 
3.17 (b) 
Loose to medium dense, low plasticity,  greyish brown silty clayey 
fine grained SAND (Chama Sand Formation) 
3.17 (c) 
Loose to dense,  non-plastic, orangish and yellowish brown fine to 
medium silty  SAND (Barton Sand Formation) 
3.17 (d) 
Laminated soils Loose to medium dense, white, grey, yellow, thinly to thickly 
laminated silt, clay, and some thicker, cross-bedded white fine 
grained SAND.  (Wittering Formation) 
3.18 (a) 
Loose to dense,  yellow, orange, brown, very fine to fine grained 
SAND interbedded with thinly laminated grey high plasticity CLAY 
(Wittering Formation) 
3.18 (b) 
Loose to very dense,  finely inter-laminae silty clay and partings of 
grey green fine sand with thin seams of coals (Wittering Formation) 
3.18 (c) 
Soft to stiff high plasticity grey clay and black LIGNITE 
(Whitecliff Bay Bed of  Wittering Formation) 
3.18 (d) 
Rocks Medium strong pale brown to white fossiliferous LIMESTONE 
(Bembridge Limestone Formation) 
3.19 (a) 
Weak to medium strong fossiliferous sandy LIMESTONE  
(Howledge Limestone Member of Headon Hill Formation) 
3.19 (b) 
Weak to medium strong to very strong yellowish and reddish brown 
SANDSTONE with well lithified ironstone band 
 (Portsmouth Sand Member of  London Clay Formation) 
3.19 (c) 
Very weak to moderately strong white CHALK, with bands of 
rounded black flint cobble and thin marls (Upper Chalk) 
3.19 (d) 
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Local variation within the Paleogene sequences may be present. For example, the 
Bembridge Limestone locally varies in lithological sequence grading from limestone to 
argillaceous (marly) limestone (Figure 3.20).  
 
Figure 3.20 Variations in lithology of Bembridge Limestone Formation [464181 86320] 
showing three thick relatively well lithified limestones separated by marls, muddy marls 
and marly limestone. 
3.4.2. Engineering characteristics of Paleogene sediments of the study 
area 
This section describes the engineering characteristics of Paleogene sediments of the 
Hampshire Basin and their engineering properties. Results were then evaluated for the 
assessment of landslide susceptibility by means of the development of the infinite slope 
stability modelling described in Chapter 6. All available published works, site investigation 
reports and geotechnical borehole database were collated and analysed to identify 
categories based on geotechnical characteristics and engineering behaviours and also to 
determine the variability of the engineering characteristics of individual Paleogene 
formations across the Hampshire Basin. The confidence of geotechnical data are given by a 
number of samples and basic statistics. Quaternary deposits were also described since 
some geotechnical properties were obtained and although not specifically part of this study 
it was useful to examine some engineering aspects of Quaternary deposits as these strata 
may be presented in some locality.  
Limestone 
Marls/Muddy marls
Bembridge Marls Member
Marly Limestone 
Marly Limestone 
Limestone 
Limestone 
Bembridge Limestone Formation 
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3.4.2.1. Basic geotechnical properties 
The range of geotechnical properties of the sediments within the Hampshire Basin were 
analysed from obtained geotechnical data (2,462 sample data). Typical engineering 
descriptions of the Quaternary deposits and the Paleogene deposits of the Hampshire Basin 
are given in Table 3.3-3.4. Typical ranges of basic geotechnical properties in relation to 
stratigraphic units are summarised in Table 3.5-3.7.  
Quaternary deposits comprise soft to firm silty sandy clays (Alluvium, Marine 
Deposits, and Tidal Flat Deposits) and dense silty sandy gravels (River Terrace Deposits 
and Valley Gravels). The 484 samples present a wide range of geotechnical properties 
(moisture content =3.5-80 %; liquid limit= 21-213 %; plastic limit= 11-114 %; plastic 
index = 3-131 %; dry density = 1.4-2.03 Mg/m3; bulk density = 1.52-2.23 Mg/m3; particle 
density=2.65-2.77 Mg/m3). Peat and alluvium deposits present extremely high plasticity 
with the maximum value of liquid limit greater than 150 % and plastic limit greater than 
80 %. Peats are soft with the lowest bulk density (1.52 Mg/m3).  
Paleogene deposits of the Hampshire Basin comprise soft to very stiff sandy silty 
clay (e.g. Reading Formation and London Clay Formation) or loose to very dense clayey 
silty sand (e.g. Chama Sand Formation and Branksome Sand Formation). The 
1,978 samples present a wide range of geotechnical properties (moisture content = 4-55 %; 
liquid limit=19-121 %; plastic limit 10-41 %; plastic index = 1-92%; dry density = 1.22-
2.04 Mg/m3; bulk density = 1.64-2.44 Mg/m3; particle density=2.6-2.83 Mg/m3). The strata 
of Reading Clay, London Clay, and Barton Clay present extremely high plasticity with the 
maximum value of liquid limit over 95 % and plastic limit greater than 34 %. 
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Table 3.3 Typical engineering descriptions of the Quaternary deposits with engineering 
descriptions from boreholes in the study area 
Quaternary Deposits Lexicon Name Engineering description 
Estuarine Alluvium ESAL Very soft dark brown silty sandy CLAY with shells and plant 
remains 
Alluvium  ALV Soft to firm grey sandy silty CLAY with some gravel and traces 
of roots or peat 
Brickearth BRK Soft to stiff silty orangish brown sandy CLAY with some gravel. 
Dense to very dense brown and grey sandy sub-angular to 
rounded fine to coarse GRAVEL. 
Marine, Estuarine and 
Raised Beach Deposits 
MERB Soft sandy silty CLAY with some GRAVEL and traces of plants 
and shells 
Older River Gravel ORG Dense to very dense orangish brown fine to coarse sandy to 
coarse flint GRAVEL 
Peat PEAT Soft black clayey PEAT with some small patches of white fine 
sand and wood fragments 
Raised Storm Beach Deposits  RSB Soft to stiff orangish brown sandy silty CLAY with occasional 
flint gravel  
River Terrace Deposits  RTD Soft to stiff orangish brown sandy silty CLAY with some 
medium dense to dense GRAVEL. 
Tidal Flat Deposits TFD Soft to firm greyish brown organic sandy silty CLAY with 
occasional flint gravel and rootlets 
Valley Gravel VLGR Soft to firm light orangish brown mottled silty CLAY with some 
flint GRAVEL 
Plateau Gravel PLG Medium dense to dense brown silty sandy GRAVEL 
Head HEAD Loose to medium dense brown sandy SILT with some Gravel. 
Firm to stiff brown silty sandy CLAY. Dense to very dense 
coarse flint GRAVEL. 
Data source obtained from the BGS national geotechnical database and the lexicon name follows BGS definitions 
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Table 3.4 Engineering descriptions of the Palaeogene sediments, with typical descriptions 
from boreholes within the study area.  
Geological 
Group 
Stratigraphic Unit 
(Formation/Member/Bed) 
Lexicon 
Name Engineering Description 
Solent  
Group 
Bembridge Marls Member BMBG Firm to stiff light grey mottled orange fissured silty 
CLAY (Marl)  
 Headon Beds and Osbourne Beds 
(Headon Hill Formation) 
HEOS Firm to stiff, fissured, greyish brown silty sandy  
CLAY with occasional shell fragments 
 Headon 
(Headon Hill Formation) 
HE Soft to stiff, fissured, greenish grey silty CLAY 
with occasional gravel 
Barton  
Group 
Chama Sand Formation CHMS Dense brown clayey fine SAND, locally thinly 
laminated with clayey partings. Loose to very 
dense very thinly laminated silty or clayey fine 
sand 
 Barton Clay Formation BAC Soft to stiff, fissured greyish blue silty sandy 
CLAY, locally thinly laminated with occasional 
bands of fine sand 
Bracklesham 
Group 
Branksome Sand Formation BRKS Firm to stiff silty orangish brown CLAY with 
pockets of fine sand or laminated thinly bedded 
silty clay 
 Poole  Formation POOL Stiff, laminated pale grey CLAY 
 Bagshot Formation 
(Broadstone Sand Member) 
BGS Medium dense to very dense dark grey and black 
organic fine to coarse SAND with some thin bands 
of clay 
 Oakdale Clay Member OAKC Firm to stiff light grey laminated silty CLAY with 
occasional red mottling 
 Selsey Sand Formation SLSY Medium dense green silty fine SAND. Firm to stiff 
green silty CLAY with some fine sand. Dense to 
very dense yellowish brown coarse sandy fine to 
coarse GRAVEL. 
 Marsh Farm Formation MARF Medium dense clayey fine SAND and firm to stiff 
sandy silty Clay 
 Earnley Sand Formation EA Stiff to very stiff greyish brown silty CLAY 
 Wittering Formation WTT Firm to stiff, fissured, brown sandy silty CLAY 
with occasional partings of silty fine sand or thin 
laminations of greenish grey silty fine sand 
Thames 
Group 
West Park Farm Member  WPF Soft to very stiff brown sandy silty CLAY with a 
little flint gravel 
 Whitecliff Sand Member WHI Loose brown slightly gravelly silty fine SAND  
 London Clay LC Firm to stiff,  fissured, grey silty  CLAY with 
parting of fine sand, locally interbedded clayey 
sandy silt and sandy silty clay, occasionally gravel 
 London Clay Basement Bed LCBA Firm to stiff greyish brown and green silty sandy 
CLAY interbedded with silty fine SAND 
Lambeth 
Group 
Lambeth Group LMBE Firm to stiff fissured mottled reddish brown 
CLAY, occasionally with silty lenses 
Chalk Chalk CK Very soft to soft clayey CHALK with brown silty 
clay and occasional stones 
 Upper Chalk UCK Firm to stiff light brown silty CLAY (weathered 
chalk) with organic traces rootlets and occasional 
fine chalk gravel. 
 Portsdown Chalk Formation PCK Soft white CHALK with marl seams and flint 
bands 
Data source obtained from the BGS national geotechnical database and the lexicon name follows BGS definitions
65 
 
Table 3.5 Basic geotechnical properties of Quaternary deposits within the Hampshire Basin, geotechnical parameters from borehole logs 
within the study area. 
Stratigraphic Unit Lexicon Name 
Number of 
sample data 
Sample Depth
(m) 
Natural Moisture 
Content (%) 
Liquid Limit 
(%) 
Plastic Limit 
(%) 
Bulk Density 
(Mg/m3) 
Dry Density 
(Mg/m3) 
Particle Density 
(Mg/m3) 
SPT 'N' 
Value 
Estuarine Alluvium ESAL 1 2.7 37 39 16   
Alluvium ALV 30 0.5-5.0 24-58 28-213 18-82 1.59   16-84 
Brickearth BRK 254 0.4-6.95 6-80 21-86 12-32 1.61-2.235 1.4-2.03 2.72-2.77 3-92 
Marine, Estuarine and 
Raised Beach Deposits MERB 16 0.9-3 6-32 22-67 11-36 1.91   5,8 
Older River Gravel ORG 10 0.85-4 43-78 21-38 19-50 
Peat PEAT 21 1-4.5  60-167 54-114 1.52    
Raised Beach Deposits RBD 9 0.95-3.95 12-27 35-57 17-22     
River Terrace Deposits RTD 56 0.5-4.45 3.5-33 23-101 12-34 1.79-2.2  2.65-2.69 12-100 
Tidal Flat Deposits TFD 13 0.95-4.95 29-66 34-83 16-37     
Valley Gravel VLGR 17 0.6-3.95 10-29 32-47 16-22 1.98-2.11 5-46 
Plateau Gravel PLG 27 1.95-5.8   12-84 
Head HEAD 23 0.76-5.03 9.6-36 21-86 10-31 1.85-2.13 1.42-1.59  12-76 
Quaternary Deposits SUPD 7 0.95-3.6 18-20 28-53 18-32 2.08-2.12 1.75-1.78 11-52 
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Table 3.6 Basic geotechnical properties of the Paleogene sediments of the Hampshire Basin  
Stratigraphic Unit Lexicon Name 
Number of 
sample data 
Sample Depth
(m) 
Natural Moisture 
Content (%) 
Liquid Limit  
(%) 
Plastic Limit 
(%) 
Bulk Density 
(Mg/m3) 
Dry Density 
(Mg/m3) 
Particle Density 
(Mg/m3) 
SPT 'N' 
Value 
Bembridge Marls BMBG 11 3.25-5.15 19-42 28-82 14-27  
Headon Hill HEOS 13 2.5-4.5 9-19 63-84 20-30 
Headon Hill HE 15 0.95-4.95 9-36 26-88 9-32 
Chama Sand CHMS 21 0.95-21.45 19-30 30-56 17-32 2.05 3-55 
Barton Clay BAC 23 3.45-22.95 21-39 37-95 19-41 1.9-2.05 11-39 
Branksome Sand BRKS 254 2.5-3.45 22-27 37-46 15-22 
Poole POOL 9 7-16 16-29 27-36 16-22 1.91-2.13 9-18 
Oakdale Clay OAKC 8 1.45-5.2 16-31 37-80 20-37 
Selsey Sand SLSY 6 0.5-4.8 15-26 29-76 18-30 17-106 
Marsh Farm MARF 3 3-5 25-33 16-19 
Earnley Sand EA 1 5 29 23 19-71 
Bracklesham BRB 2 2-10.45 22-28 40-47 18-29 2-2.08 8-80 
Wittering WTT 66 1-21.75 11-50 27-89 15-45 1.65-2.03 2.65-2.66 7-100 
West Park Farm WPF 11 0.95-15.5 4-27 22-48 11-22 12-50 
Whitecliff Sand WHI 8 1.75-9.5 19-34 32-51 15-28 1.87-2.01 17-21 
Portsmouth Sand PORT 1 4-4.5 23 56 22 
Bognor Sand BOSA 18 0.5-12.95 15-27 30-48 18-25 1.94-2.07 1.55-1.72 22-74 
London Clay LC 1003 0.45-34.45 4-73 19-108 10-34 1.64-2.425 1.22-1.965 2.6-2.83 4-143 
London Clay Basement Bed LCBA 7 1.05-15.05 20-29 34-51 18-25 1.91-2.05 
Lambeth Basement Bed LMBE 451 0-46-35.5 9-43 23-121 12-37 1.73-2.44 1.265-2.045 2.64-2.73 2-87 
Upnor Sand UPR 47 2.85-15.7 12-25 30-96 17-34 1.875-2.17 1.495-1.8 8-141 
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Table 3.7 Basic geotechnical properties of the Palaeogene sediments within the Hampshire Basin from published literatures. 
Geological Units 
Natural 
Moisture  
Content 
% 
Liquid 
Limit 
% 
Plastic 
Limit 
% 
Plastic 
Index 
% 
Bulk 
Density 
Mg/m3 
Dry 
Density 
Mg/m3 
Particle 
Density 
Mg/m3 
Cu 
kPa 
c' 
(kN/m2) 


cr' 
(kN/m2) 
r' 
() References 
Hampstead  32-55 67-80 27-33        0 13.5 Hutchinson and Bhandari 
(1971) 
Fishbourne             6-7 Winfield et al. (2007) 
Barton Sand       1.705-1.709 2.655 5-134 0    Barton, Palmer and Wong 
(1986) 
Barton Clay  
(Barton Cliff) 
        0-1 18-23.5 0 15 Marshland and Butler 
(1967) 
Barton Clay 
(Fawley) 
       44-129     Barton and Roche (1984) 
Barton Clay 
(weathered) 
17-32 45-82 21-29 21-55    20-210 7-11 18-24  15 Cripps and Taylor (1986) 
Barton Clay 
 (unweathered) 
       50-350 8-24 27-39   Cripps and Taylor (1986) 
Boscombe Sand        23-433 83    Barton (1974) 
Bracklesham  
(Sand-facies) 
        0    Barton (1979) 
Bracklesham  
(Clay-facies) 
        0-55    Barton (1979) 
Bracklesham 19-26 52-68 15-22 41 2.07   143 0-55    Cripps and Taylor (1986) 
Bagshot (Fair Oak)      1.68-1.69 2.65 20 0-77.4    Barton, Palmer and Wong 
(1986) 
Bagshot      1.59-1.71  220     Barton (1974) 
London  Clay 
(weathered) 
23-49 66-100 22-34 36-55 1.7-2.0   40-190 12-18 17-23  10.5-22 Cripps and Taylor (1986) 
London  
Clay(unweathered) 
19-28 50-105 24-35 41-65 1.92-2.04   80-800 17-252 20-29  9.4-17 Cripps and Taylor (1986) 
Reading  15-27 42-67 15-30 20-37    34-814     Cripps and Taylor (1986) 
Cu-value of undrained shear strength (kPa), c- drained cohesion intercept (kN/m2), - drained peak angle of friction ()  
cr- drained residual cohesion intercept (kN/m2), r - drained residual angle of friction ()  
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3.4.2.2. Particle size characteristics 
385 sample data were retrieved with particle size information. Coarse soils were 
considered as materials having over 65 % by mass of coarse particle sizes (>0.063 mm). 
Fine soils were considered as materials having over 35 % of fine particle sizes (<0.063 
mm) such as silts and clays. Proportions of particle sizes exhibited by stratigraphic 
formations of the sediments of the Hampshire Basin are summarised in Table 3.8. All 
sample data were classified into two groups of particle size, either coarse soils or fine soils. 
Variations in particle size characteristics are more easily understood when correlated with 
litho-stratigraphy.   
Figure 3.21 demonstrated that, as should be expected, the Head, Valley Gravel, 
River Terrace Deposits, Older River Gravel, and Plateau Gravel of the Quaternary are 
dominated by gravel and sand fractions, typically comprising over 40 % gravel. The 
Plateau Gravel presents the maximum average value of gravel of 87 %.  
Similarly, sand fractions are dominant in the ‘sand’ units (Barton Sand Formation, 
Chama Sand Formation, Earnley Sand Formation, Poole Formation, and Bognor Sand 
Member), each of which typically comprise greater than 70 % of sand. The Branksome 
Sand Formation and Boscombe Sand Formation contain up to 80 % sand. 
Dominant clay fractions coincide with the clay dominant stratigraphical formations. 
Alluvium and Brickearth have slightly greater amount of clay content with the average 
value of about 30 % and 10 %, respectively. The clay dominant units (including Reading 
Formation, London Clay Formation, Bembridge Marls Member, and Headon Hill 
Formation) mainly comprise over about 50-95 % silt and clay fractions. The Bembridge 
Marls Member has the highest average clay content of about 63.6 %.  
The average value of clay contents of the laminated strata such as Wittering 
Formation and Marsh Farm Formation is about 40 %. However, local variation in lithology 
and particle size distribution may be present within each stratigraphic unit. For example, 
the Headon Hill Formation generally comprises high clay contents, but sandier strata of the 
Lyndhurst Member within that formation may present with over 40 % and up to 87 % sand 
content. The Reading Formation generally contains high clay contents except in Sheffield 
English where it mainly comprises sand with fines content less than 14.5 %. Typical 
particle size distribution curves representing grading characteristics are shown in Figure 
3.22. 
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Table 3.8 Proportions of particle sizes (gravel, sand, silt, and clay) for each geological group 
Fine Soils/ 
CLAY dominant  
Particle Size (%)  Coarse Soils/ 
SAND dominant 
Particle Size (%)  
Quaternary deposits 
Particle Size (%) 
Clay Silt Sand Gravel   Clay Silt Sand Gravel   Clay Silt Sand Gravel 
                  
Bembridge Marls 
BMBG 
N=4 
Mean 63.6 33.5 2.6 0.2 Barton Sand  
(BECS) 
N=6 
Mean 4.6 24.7 68.3 2.4 Alluvium  
(ALV) 
N=2 
Mean 32.3 16.9 1.8 49.0 
Minimum 42.0 16.9 0.4 0.0 Minimum 0.0 3.8 24.6 0.0 Minimum 0.0 0.0 1.6 0.0 
Maximum 82.5 48.9 9.1 0.6 Maximum 23.3 39.1 91.2 13.0 Maximum 64.6 33.8 2.0 98.0 
Headon Hill 
Formation  
(HE) 
N=1 
Mean 25.9 46.4 27.6 0.1 Boscombe Sand  
(BOS) 
N=4 
Mean 0.0 16.3 79.3 4.5 Brickearth 
(BRK) 
N=56 
Mean 10.1 26.7 23.9 37.4 
Minimum 25.9 46.4 27.6 0.1 Minimum 0.0 4.0 66.0 0.0 Minimum 0.0 0.0 0.0 0.0 
Maximum 25.9 46.4 27.6 0.1 Maximum 0.0 34.0 93.0 12.0 Maximum 63.0 94.0 70.0 89.0 
London Clay  
(LC) 
N=79 
Mean 29.6 46.6 21.8 1.9 Bognor Sand 
(BOSA) 
N=15 
Mean 16.8 29.5 53.5 0.3 HEAD 
N=9 
Mean 5.7 13.9 23.2 57.2 
Minimum 0.0 0.0 0.0 0.0 Minimum 0.0 12.0 2.0 0.0 Minimum 0.0 0.0 6.0 1.0 
Maximum 67.0 98.0 100.0 45.0 Maximum 84.0 59.0 82.0 2.0 Maximum 41.0 35.0 79.0 81.0 
Reading 
(RB) 
N=70 
Mean 21.8 28.2 43.2 6.8 Chama Sand  
(CHMS) 
N=19 
Mean 11.9 10.7 75.4 2.0 Older River 
Gravel 
(ORG) 
N=6 
Mean 3.9 4.9 28.0 63.1 
Minimum 0.0 1.0 1.0 0.0 Minimum 0.0 4.7 43.9 0.0 Minimum 0.0 3.9 22.2 57.3 
Maximum 72.0 66.0 99.0 79.0 Maximum 31.0 23.8 95.2 24.8 Maximum 8.3 8.2 37.9 69.6 
  Branksome Sand  
(BRKS) 
Mean 0.0 18.5 81.2 0.3 Plateau Gravel  
(PLG) 
N=6 
Mean 1.0 3.0 9.0 87.0 
Laminated Soils Clay Silt Sand Gravel Minimum 0.0 4.0 68.0 0.0 Minimum 0.0 0.0 1.0 59.0 
Wittering 
(WTT) 
N=2 
Mean 40.2 9.1 5.7 45.1 Maximum 0.0 32.0 96.0 2.0 Maximum 6.0 12.0 23.0 99.0 
Minimum 0.0 1.0 2.4 0.2 Poole Sand 
(POOL) 
N=8 
Mean 4.3 22.0 67.3 6.5 River Terrace 
deposits 
(RTD) 
N=39 
Mean 8.6 12.9 32.3 46.2 
Maximum 80.3 17.1 9.0 90.0 Minimum 0.0 5.0 22.0 0.0 Minimum 0.0 0.0 13.0 2.0 
Marsh Farm 
(MARF) 
N=1 
 
Mean 38.6 54.5 6.9 0.0 Maximum 22.0 49.0 93.0 38.0 Maximum 37.0 51.0 78.0 82.0 
Minimum 38.6 54.5 6.9 0.0 Earnley Sand  
(EA) 
N=4 
Mean 6.5 21.7 71.8 0.1 Valley Gravel  
(VLGR) 
N=6 
Mean 3.2 39.8 13.7 43.3 
Maximum 38.6 54.5 6.9 0.0 Minimum 2.0 15.0 62.0 0.0 Minimum 0.0 25.0 6.0 1.0 
Maximum 17.0 32.6 81.0 0.4 Maximum 19.0 74.0 26.0 64.0 
      London Clay 
Basement Bed 
(LCBA) 
N=5 
Mean 16.3 39.1 33.1 11.4   
     Minimum 0.0 35.0 8.0 0.0   
     Maximum 22.0 49.7 45.0 57.0   
      Upnor Sand 
(UPR)  
N=37 
Mean 6.2 16.4 69.6 7.9   
     Minimum 0.0 2.0 3.0 0.0   
       Maximum 27.0 49.0 95.0 89.0               
Coarse Soils (over 65% sand and gravel sizes); Fine soils (over 35% silt and clay sizes) 
Clay (<0.002mm), Silt (0.002- 0.063 mm), Sand (0.063-2 mm), and Gravel (2-63 mm) 
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Figure 3.21 Proportions of particle sizes (gravel, sand, silt, and clay) of the sediments of the Hampshire Basin. Quaternary deposits include 
ALV-Alluvium; BRK-Brickearth; HEAD-Head deposits; VLGR-Valley Gravel; RTD-River Terrace Deposits; ORG-Older River Gravel; 
PLG- Plateau Gravel). Paleogene deposits include: BECS- Becton Sand;  BOS-Boscombe Sand Formation; CHMS-Chama Sand Formation; 
EA-Earnley Sand Formation; POOL-Poole Formation; BRKS-Branksome Sand Formation; BOSA-Bognor Sand Member; LCBA-London 
Clay Basement Bed; UPR-Upnor Sand Member; MARF-Marsh Farm Formation; WTT-Wittering Formation; LC-London Clay Formation; 
RB-Reading Formation; BMBG-Bembridge Marls Member; HE-Headon Hill Formation). 
Coarse Soils (over 65 % sand and gravel sizes) Fine Soils (over 35 % silt and clay sizes) 
Particle Size 
Gravel (2-63 mm)  
Sand (0.063-2 mm) 
Clay (<0.002mm)  
Silt (0.002- 0.063 mm) 
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Figure 3.22 Typical particle size distribution curve representative grading characteristics of 
the ground materials of the Hampshire Basin: Head (20.0 % fines, 79.0 % sand, 20.0 % Gravel); 
Older River Gravel (11.2 % fines, 25.5 % sand, 63.3 % Gravel); Earnley Sand Formation (35.6 % 
fines, 64 % sand, 0.4 % Gravel); Chama Sand Formation (17.7 % fines, 82 % sand, 0 % Gravel); 
London Clay Formation (77 % fines, 3 % sand, 20 % Gravel); Bembridge Marls Member (99.4 % 
fines, 0.5 % sand, 0 % Gravel) 
 
 
 
 
 
Earnley Sand
Chama Sand
London Clay Bembridge Marls 
Older River Gravel Head 
72 
 
3.4.2.3. Consistency limits  
The consistency of the soil is used commonly as a basis for the sub-class classification to 
determine physical characteristics at given water content. This is because the plasticity of 
fine soils has a significant effect on engineering properties especially shear strength and 
compressibility. In term of instability consideration, soil consistency provides a means of 
describing the degree of cohesion and adhesion between the soil particles as related to the 
resistance of the soil to deform or rupture. In the British Soil Classification System the 
relationship between the plasticity index and liquid limit is used to establish the sub-groups 
of fine soils and plasticity charts are used for classification, the A-line provides an arbitrary 
division between silts and clays and five degrees of plasticity can be defined (low 
plasticity, CL: WL<35 %, intermediate plasticity, CI: WL = 35-50 %, high plasticity, CH: 
WL = 50-70 %, very high plasticity, CV: WL = 70-90 %, and extremely high plasticity, CE: 
WL >90 %).  
Consistency limits obtained from geotechnical data (1,776 sample data) were 
analysed. Liquid limits exhibited by the geological and geotechnical units are shown in 
Figure 3.23. It can be seen that the sediments in this region vary considerable from non-
plastic to extremely high plasticity, a relationship strongly controlled by clay content 
(Figure 3.24, Figure 3.25, Figure 3.26). These relationships are demonstrated in Figure 
3.25 which shows that the sand dominant formations generally exhibit non plastic to 
intermediate plasticity, whereas the clay dominant formations generally exhibit high to 
very high plasticity. Plastic limit is not significantly different for the Quaternary deposits, 
except for peat which demonstrates typically organic soil characteristics (Figure 3.26). 
Mean plastic limits of the sand dominant formation of the Paleogene deposits vary from 10 
to 20 %, whereas those of the clay dominant formations vary from 20-25 % (Figure 3.26). 
Variations in plasticity of the Paleogene sediment of the Hampshire Basin at site 
localities was examined in more detail using data obtained from site investigation reports. 
The analysis confirms that the clay dominant formations typically exhibit high-extremely 
high plasticity. For example, the Reading Formation in Horndean present high plasticity 
(LL=54-68 %, PL=32-44 %). The Reading Formation in Denmead comprises sandy silty 
clay of high to very high plasticity (LL=54-83 %, PL=21-28 %). The London Clay 
Formation in East Wellow comprise sandy clay of high plasticity (LL=61-70 %, PL=25-
27 %). In the northern Isle of Wight, the main clay units (e.g. Headon Hill Clay, 
Bembridge Marls and Hamstead Clay) typically comprise over 80 % of silt and clay 
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fractions and generally exhibits high to extremely high plasticity (LL=51-84 %, PL=23-
34 %).  
Sand strata (such as Whitecliff Sand Member, Bognor Sand Member, Poole 
Formation (Sand), and Barton Sand Formation) contain mainly sand with less clay thus 
generally are non plastic. However, some of these sandy units may contain sufficient clay 
contents to exhibit low-intermediate plasticity. For example, the Chama Sand Formation in 
Minsted comprising over 70 % sand varies from non-plasticity silty sand to intermediate 
sandy silty clay (LL=48-49 %, PL=15-20 %). The Earnley Sand Formation in Hedge End 
varies from sandy clay of low plasticity (LL=35-36 %, PL=14-15 %) to non plasticity 
clayey sand. The Poole Formation in North Charford comprising slightly clayey sand is 
non plasticity. Heterogeneous units such as the Wittering Formation present a wide range 
of plasticity but generally exhibit low to intermediate plasticity. For example, the Wittering 
Formation in Durrey comprises gravelly sandy clay of intermediate plasticity (LL=36-
49 %, PL=17-19 %). The Wittering Formation in Portsmouth comprises laminated clay and 
silty sand partings of low to high plasticity (LL=24-64 %, PL=16-29 %), but soft fissured 
clay of very high plasticity may be locally present (LL=68-80 %, PL=29-32 %). 
The plasticity chart for the classification of the Paleogene formations of the 
Hampshire Basin is illustrated in Appendix B. Plasticity of the London Clay Formation 
varies with position in the sedimentary cycle. Sandy strata at the top of each sequence 
exhibit low plasticity, whereas the remaining clay dominant strata exhibit high plasticity. 
Confirmation of this variation, can be seen from the geotechnical data that London Clay 
Basement Bed (sandy strata) along A27 Havant-Chichester Realignment [481530-483750] 
exhibits intermediate plasticity (LL=34-51 %, PL=18-25 %) and Whitecliff Sand Member 
along the A33/M3 Road, Bar End to Basset [445220-445376] exhibit intermediate 
plasticity (LL=32-51 % and PL=15-28 %). In contrast, the London Clay Formation around 
M27 Swaythling Link [443840 to 444200] comprising mainly clay exhibit high-extremely 
high plasticity (LL=55-78 % and PL=19-29 %). The plasticity of the Barton Group 
presents a wide range of values due to its grading nature. For example, the Barton Clay 
Formation in Ringwood varies in lithology and plasticity from sandy silt or sandy clay of 
low to intermediate plasticity (LL=32-48 %, PL=18-27 %) to soft fissured clay of high-
extremely high plasticity (LL=59-95 %, PL=21-41 %). Whilst the relative sandier facies of 
the Chama Sand Formation in this area mainly comprise clayey silty sand of intermediate 
plasticity (LL=30-56 %, PL=17-28 %). 
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Figure 3.23 Liquid limits exhibited by the geological group.  
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Figure 3.24 Clay fractions of the sediments of the Hampshire Basin. 
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Figure 3.25 Boxplots of liquid limit and plastic limit exhibited by lithological units. 
Quaternary Deposits include RTD-River Terrace Deposits; VLGR-Valley Gravel; ESAL- 
Estuarine and Alluvium Deposits; RSB-Raised Storm Beach Deposits; MERB-Marine 
Estuarine and Raised Beach Deposits; RBD-Raised Beach Deposits; HEAD Deposits; 
TFD-Tidal Flat Deposits; ORG-Older River Gravel; ALV-Alluvium and PEAT. Paleogene 
deposits include EA-Earnley Sand Formation; MARF-Marsh Farm Formation; POOL-
Poole Formation; WPF-West Park Farm Member; LCBA-London Clay Basement Bed; 
WHI-Whitecliff Sand Member, BRB-Bracklesham Group; CHMS-Chama Sand; SLSY-
Selsey Sand Formation; BOSA-Bognor Sand Member; OAKC-Oakdale Clay Member; 
BAC-Barton Clay Formation; WTT-Wittering Formation; BMBG-Bembridge Marls 
Member; LC-London Clay Formation; HEOS/HE-Headon Hill Formation; RB-Reading 
Formation. 
Quaternary Deposits 
Paleogene Deposits 
Sand dominant units 
Gravel and Sand dominant units 
Clay dominant units 
Clay dominant units 
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Figure 3.26 Histogram chart of plastic limit of the sediments of the Hampshire Basin. 
Quaternary Deposits include MERB-Marine Estuarine and Raised Beach Deposits; ESAL- 
Estuarine and Alluvium Deposits; RTD-River Terrace Deposits; BRK-Brickearth; VLGR-
Valley Gravel; RBD-Raised Beach Deposits; Head; RSB-Raised Storm Beach Deposits; 
ORG-Older River Gravel; ALV-Alluvium and PEAT. Paleogene sediments  include 
CHMS-Chama Sand Formation, BOSA-Bognor Sand Member; WPF-West Park Farm 
Member; POOL-Poole Formation, WHI-Whitecliff Sand Member; HEOS & HE-Headon 
Hill Formation; BMBG-Bembridge Marls Member; LC-London Clay Formation; RB-
Reading Formation; BAC-Barton Clay Formation; WTT-Wittering Formation; OAKC-
Oakdale Clay Member. 
 
 
 
Sand dominant units Clay dominant units 
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Although the consistency limits represent the plasticity characteristics of the soils as a 
whole, plasticity is principally determined by the amount and nature of the clay minerals 
presented. The degree of plasticity of the clay fraction itself is termed ‘activity’ of the soil 
(Whitlow, 2001) which can be calculated from the equation:   
ܣܿݐ݅ݒ݅ݐݕ ൌ ݈ܲܽݏݐ݅ܿ ܫ݊݀݁ݔ % ݈ܿܽݕ ݌ܽݎݐ݈݅ܿ݁ݏ ሺ൏ 2μ݉ሻ 
Geotechnical data were analysed to determine the activity of the clay soils (Table 3.9). The 
swelling potentials of the soils were identified following two classifications (Williams and 
Donaldson, 1980) and (Seed et al., 1962). The result is presented in Figure 3.27. It can be 
seen that dominant clay strata of the Reading Formation Clay, London Clay Formation, 
and Barton Clay Formation present medium to very high swelling potential. While the clay 
strata of the Solent Group (Hamstead Member, Bembridge Member and Headon Hill 
Formation) presents high to very high swelling potential. 
 
Table 3.9 Activity of some clay soils of the Hampshire Basin 
Geological Unit 
Clay fraction (<2µm) 
(%) 
Plastic Index (Ip)  
(%) 
Activity 
Hamstead Member 52.1-69.0 28-53 053-0.77 
Bembridge Marls Member 42.0-82.5 26-48 0.44-0.73 
Headon Hill Formation (Clay) 30.8-78.9 12-40 0.25-0.61 
Barton Clay Formation 25.0-65.0 21-55 0.74-0.94 
Chama Sand Formation 9.0-31.0 9-27 0.87-1.00 
London Clay Formation 11.0-67.0 9-59 0.41-2.75 
Reading Formation 32.0-67.0 9-58 0.49-2.89 
Activity of clay = Plastic Index/ % fines (<2 µm diameter) 
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Figure 3.27 Comparison of the various classification of swelling potential of the clay soils 
of the Hampshire Basin: (1) classification based on Williams and Donaldson (1980) and 
(2) classification chart based on Seed et al. (1962). 
 
 
 
 
(1) 
(2) 
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Although the plasticity Index (Ip) is commonly used for determining the shrinkage 
swelling potential of the soils, the Ip is based on remoulded specimens and cannot 
precisely determine the shrink-swell behaviour of an in situ soil. A ‘Modified Plasticity 
Index’ (Ip) has been proposed by Building Research Establishment (1993) and utilised by 
Jones and Terrington (2011) to indicate plasticity where particle size data passing the 
425µm sieve are known or can be assumed 
Modified Plasticity Index ሺIpሻ ൌ Ip ০  % ൏ 425 µ݉100  
The advantage of this method is that the Ip takes into account the whole sample and not 
just the fines fraction, thus giving a better determination of the plasticity characteristics of 
the clay soils. The modified plasticity index can be used to determine the volume change 
potential based on the classification system (Table 3.10), developed by Building Research 
Establishment (1993).  
Table 3.10 Classification of volume change potential (Building Research Establishment, 
1993). 
Modified Plasticity Index, Ip(%) Volume Change Potential (VCP) 
< 10 
10-20 
20-40 
40-60 
>60 
Non-plastic 
Low 
Medium 
High 
Very High 
 
The potential for volume change of the sediments of the Hampshire Basin estimated from 
modified plasticity Index is summarised in Table 3.11. The VCP of the Hampshire Basin is 
illustrated by the boxplots showing five statistics (minimum, first quartile, median, third 
quartile, and maximum) of the VCP values for each stratigraphic formation (Figure 3.28). 
The plot is useful for displaying the distribution of a scale variable and pinpointing outliers 
and general trends in VCP variations can be established and compared.  
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Table 3.11 Modified Plasticity Index (Ip) of the sediments of the Hampshire Basin 
Units Stratigraphic Formation 
 Modified Plasticity Index (Ip) 
VCP n Min Max Mean Std.  
Quaternary 
deposits 
Alluvium ALV M 39 1.20 47.00 27.00 8.78 
Brickearth BRK L 64 0.00 34.00 15.70 7.84 
Made ground MGR L 28 3.56 43.00 17.59 11.50 
Marine estuarine and Raise 
beach deposits MERB N 15 1.98 31.68 5.46 8.12 
Tidal flat deposits TFD M 25 9.00 56.00 22.00 14.90 
Raised beach deposits RBD L 12 2.72 37.00 19.90 10.78 
Raised storm beach deposits RSB L 2 6.72 23.14 14.93 11.61 
River terrace deposits RTD L 15 3.60 49.47 11.16 11.20 
Older river gravel ORG L 10 3.74 27.47 13.50 7.33 
Valley gravel VLGR L 4 8.58 20.02 15.59 4.74 
Head HEAD L 23 3.35 43.00 15.81 9.28 
Peat (organic soil) PEAT VH 1 60.80 60.80 60.80 - 
Coarse 
Soils 
Poole Sand POOLE L 5 6.12 15.00 10.92 3.26 
Branksome Sand BRKS M 1 24.00 24.00 24.00 - 
Chama Sand CHMS M 5 0.00 34.00 32.00 14.30 
Earnley Sand EA L 2 14.00 14.40 14.20 0.28 
Whitecliff Sand WHI M 5 10.00 26.19 18.00 6.02 
West Park Farm Sand WPF L 11 6.40 26.73 14.40 7.22 
Upnor Sand UPR H 1 48.98 48.98 48.98 - 
Lambeth Basement Bed LMBE L 4 4.07 50.76 19.38 20.35 
Fine Soils Oakdale Clay OAKC M 6 14.40 37.84 23.41 9.66 
 Barton Clay BAC H 5 13.30 68.40 48.45 20.96 
Hamstead Hamstead H 2 27.46 52.89 40.17 17.98 
Headon Hill (Clay) HE M 8 12.10 40.47 29.84 9.72 
 Bembridge Marls BMBG H 12 18.00 55.00 42.07 10.57 
London Clay LC M 108 0.00 56.00 33.83 12.98 
Reading (Clay) MCL M 92 0.00 65.34 29.00 13.32 
Laminated 
soils Wittering WTT M 37 0.00 55.00 24.25 13.32 
VCP-potential for volume change, n-number of records 
 Min-Minimum values, Max-Maximum values, Std.-Standard Deviation 
Classification for potential for volume change (VCP): N-Non-plastic (Ip<10); L-low (Ip=10-20); M-
medium (Ip20-40); H-high (Ip=40-60); VH- very high VCP (Ip> 60),  
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Figure 3.28 Boxplots of the volume change potential (VCP) by stratigraphic formations. 
The plot presents the VCP for the superficial deposits, fine soils and coarse soils of the 
Hampshire Basin. Classification for VCP include: Non-plastic (Ip<10), low VCP (Ip=10-
20), medium VCP (Ip20-40), high VCP (Ip=40-60), very high VCP (Ip> 60).  
The analysis has shown that the Quaternary deposits are generally non-plastic to 
low VCP, except for Peat presenting very high VCP. The sand dominant units (e.g. Poole 
Sand Member, Branksome Sand Formation, Earnley Sand Formation) mostly present low 
to medium VCP. The Chama Sand Formation exhibits relative high average value of Ip 
about 32.0 %. The clay dominant units (e.g. Reading Clay Formation, London Clay 
Formation, Oakdale Clay Member, and Headon Hill Formation) mostly present medium 
VCP (Ip=23-33 %). Hamstead Member, Bembridge Marls Member and Barton Clay 
Formation also exhibit medium to high VCP (Ip=40-48 %). The VCP varies within the 
London Clay Formation due to lithological changes. For example, the sandier strata of the 
West Park Farm Member) in the western part of the Hampshire Basin present low VCP (Ip 
average =14.4 %). The coarsening upward sequences presented in several horizons within 
the London Clay Formation such as Whitecliff Sand Member present low VCP (Ip average 
=18 %).  In terms of slope stability consideration, soil moisture changes responding to 
Coarse Soil 
Quaternary Deposits 
Fine Soil 
Paleogene Deposits 
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groundwater can lead to swelling and shrinkage of the clay soils with a subsequent 
reduction in their strength parameters and thus possibly promoting instability.  
3.4.2.4. Strength characteristics   
The pattern of strength data reinforces the importance of stratigraphic control. This can be 
demonstrated in plot of undrained shear strength of the Paleogene formations of the 
Hampshire Basin (Figure 3.29). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.29 Undrained shear strength of the Paleogene sediments of the Hampshire Basin  
Shear strength parameters which are a combination of cohesion intercept (c) and 
angle of shearing resistance () are also very important engineering properties and 
typically determined for slope stability analyses. The strength characteristics of the 
sediment of the Hampshire Basin is summarised in Table 3.12. The strength properties of 
the ground materials of the Hampshire Basin are described according to 4 categories: fine 
soils, coarse soils, laminated soils and rocks.  
 ‐9
‐8
‐7
‐6
‐5
‐4
‐3
‐2
‐1
0
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Undrained shear strength, Cu (kN/m2)
Barton Sand (K) Becton Bunny (Barton, 1986)
Barton Sand Castle Malwood (Borehole)
Barton Clay Fawley (Barton&Roche, 1984)
Barton clay A31: M27 to Ringwood Imp. 
(Borehole)
Weathered Barton Clay (Cripps & Taylor, 1986)
Unweathered Barton Clay (Cripps & 
Taylor, 1986)
Barton Clay Malwood Hill-Cadnam (Borehole)
Boscombe Sand (Barton, 1974)
Bracklesham (Cripps & Taylor, 1986)
Bracklesham (Borehole)
Bracklesham  SU488147  Southampton 
(Borehole)
Wittering Formation, Portsmouth Harbour 
(Borehole)
Bagshot (Fair Oak) (Barton, 1986)
London Clay (Borehole)
Reading (Borehole)
Lambeth 
Group  
Thames 
Group  
Bracklesham 
Group 
Barton 
Group
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Table 3.12 Strength characteristics of the Paleogene sediments of the Hampshire Basin 
Geotechnical 
behaviours  
units 
Geological 
Formation/Member 
Unit 
Weight 
(kN/m2) 
Strength 
 
Drained cohesion 
intercept 
c 
kPa-soils 
MPa-rocks 
Drained 
peak angle 
of friction 
 ( ) 
Residual 
cohesion 
intercept 
cr (kPa) 
Residual 
angle of 
friction 
r ( ) 
Source Data  
and  
references 
Fine soils 
 
Bembridge Marls 
Hampstead 
Hampstead 
Fishbourne 
Headon Hill (clay) 
Headon Hill (clay) 
Barton Clay (weathered) 
Barton Clay (unweathered) 
Poole (clay) 
London Clay 
Reading  Clay 
21 
17.8-18.1 
 
 
 
17.6 
19.0-20.7 
 
19.2-2.18 
16.4-20.4 
17.3-24.4 
25-162 kPa 
 
 
 
 
 
20-210 kPa 
50-350 kPa 
 
11-679 kPa 
6-930 kPa 
25  
 
 
 
 
 
7-11 
8-24 
34-62 
0-112 
0-87 
24 
 
 
 
 
 
18-24 
27-39 
20-26 
18-35 
17-39 
5 
0 
3 
0 
2.5-5.3 
0 
0 
 
0 
0 
0 
12 
13.5 
14.8 
6-7 
5.9-17.2 
6.8-14 
15 
 
10-15 
10-12 
8-14 
Ogodo (2011) 
Hutchinson and Bhandari (1971) 
Obtained soil testing data 
Winfield et al. (2007)  
Obtained soil testing data 
Copson (2011) 
Marshland and Butler (1967) 
Marshland and Butler (1967) 
Best and Fookes (1970) 
Obtained borehole data 
Obtained borehole data 
Coarse soils 
 
Earnley Sand 
Poole Sand 
Chama Sand 
Barton Sand 
Boscombe Sand 
Whitecliff Sand  (exposures) 
Whitecliff Sand  
Bognor Sand 
West Park Farm Sand 
Reading Basement Bed 
 
19.2-21.8 
19.5-21.0 
 
 
 
18.7-20.1 
18.4-20.7 
77-183 kPa 
20-60 kPa 
22-127 kPa 
0.9-134 kPa 
29-433 kPa 
20 kPa 
54-138 kPa 
22-263 kPa 
 
6-257 kPa 
22.4-38.1 
 
0-15 
69 
83 
0-77.4 
33 
5-14 
0 
13-15 
20.7-32.6 
 
32-49 
39-47 
40 
39.5-50.0 
29 
32-36 
38.5 
30-33 
 
0 
 
0 
 
0 
 
9 
 
0-2 
 
35 
 
30.8 
 
31.2 
 
29 
 
32-36 
Hampshire County Council data 
Obtained borehole data 
Hampshire County Council data 
Barton  (1974,1986)  
Barton (1974) 
Barton  (1974,1986)  
Obtained borehole data 
Obtained borehole data 
Obtained borehole data 
Obtained borehole data 
Laminated 
Unit 
Wittering  
Wittering (laminated) 
Bracklesham (Sand Facies) 
Bracklesham (Clay Facies) 
16.5-20.8 
18.6-20.0 
20.7 
20.7 
21-297 kPa 
62-78 kPa 
5-66 
15 
0 
0-55 
17-31 
25-30 
32.5 
18-32 
 
6 
 
9 
Obtained borehole data 
Hampshire County Council data 
Barton  (1979) 
Barton  (1979) 
Rocks 
Bembridge Limestone 
Bembridge Limestone (dry) 
Bembridge Limestone (wet) 
Upper Chalk (dry) 
Upper Chalk  (wet) 
23.0  
29.2-42.2 MPa 
8.1-10.3 MPa 
6.2-34 MPa 
1.4-15.9 MPa 
 
3.8 
4.2 
 
2.27 
 
45.5 
43 
 
17 
5 
2.5 
1 
 
 
35 
44.8 
39 
 
 
Gonzàlez de Vallejo et al. (2011) 
Laboratory Testing 
Laboratory Testing 
Bell (2000) 
Bell (2000) 
Follows from BS5930:1990) Relative density-Coarse Soils with SPT N-Value: very loose (0-4), loose (4-10), Medium dense (10-30), Dense (30-50), very dense (>50) 
Consistency-Fine Soils with Undrained Strength (Cu, kPa): very soft (<20), soft (20-40), firm (40-75), stiff (75-150), very stiff (>150), hard (>300) 
Rock with unconfined compressive strength (MPa): extremely weak (<1), very weak (1-5), weak (5-25), medium strong (25-50), strong (50-100), very strong (100-250), extremely strong (>250) 
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Strength properties of fine soils 
According to the standard classification related to strength properties (BS5930:1990), the 
value of undrained strength is typically used to classify the strength of any fine soils in 
term of consistency (very soft to very stiff). Clay dominated strata (e.g. Reading Clay 
Formation, London Clay Formation, and Barton Clay Formation) of the Hampshire Basin 
can be classified as soft to very stiff with a wide range of undrained strength between 6 and 
930 kPa. Sufficient data were available of undrained strength for the London Clay 
Formation and Reading Formation to demonstrate the statistical distribution (Figure 3.30) 
and variation with depth that might be present. A general trend in increasing undrained 
strength with depth and a general trend in decreasing natural moisture content with depth 
can be established (Figure 3.31). The clays are normally soft near the surface and become 
stiff with depth. In term of strength parameters, the clay dominated units generally exhibit 
low effective strength parameters such as Barton Clay (c=0-112 kPa, =18-39), London 
Clay (c= 7-24 kPa, =18-35), and Reading Clay (c= 0-87 kPa =17-39). The residual 
effective strength parameters of the clays are very low (c= 0, r=5.9-17.2). The Solent 
Group exhibits a considerable reduction in residual effective strength parameters (r= 
5.9).  
 
 
Figure 3.30 Statistical distribution of undrained shear strength of the London Clay 
Formation (Left) and Reading Formation (Right) ranges from soft to very stiff clay.  
Consistency-Fine Soils with Undrained Strength, C (kPa) (BS5930:1990): Very soft (<20), 
soft (20-40), firm (40-75), stiff (75-100), very stiff (>150), hard (>300). 
 
 
 
kPa kPa
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Figure 3.31 Undrained shear strength and natural moisture content with depth of the clayey 
strata of the London Clay Formation and the Reading Formation. 
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Strength properties of coarse soils 
The SPT N-Value is used to classify strength properties of any coarse granular soils in 
term of relative density (very loose to very dense). The sand dominated strata of the 
Hampshire Basin (e.g. Chama Sand Formation, Earnley Sand Formation, Whitecliff Sand 
Member, Portsmouth Sand Member and Bognor Sand Member) present a wide range of 
strength properties in term of relative density varying from loose to very dense. The sands 
are commonly loose near surface but become dense to very dense with depth (Figure 3.32). 
However, local vertical variation in strength properties within individual stratigraphic 
formations may be present due to the nature of grading in lithology. For example, in Hedge 
End the upper horizon (0.4-5 m below ground level) of the Earnley Sand Formation 
comprises firm-stiff silty clay, whereas the lower horizon comprises medium dense-very 
dense clayey silty sand. In Minstead the top of the Chama Sand Formation (4.0-6.5 m 
below ground level) comprises soft-firm silty sandy clay, whereas the lower part the 
formation comprises medium dense- very dense silty sand. In term of strength parameters, 
compared with the clay soils the sand dominated units generally exhibit relatively greater 
effective strength parameters such as Whitecliff Sand Member (c=0-77.4 kPa, =39.5-
50), Chama Sand Formation (c=0-15 kPa. =32-49), Boscombe Sand Formation 
(C=83 kPa, =40), Barton Sand Formation (c=39-47 kPa, =39-47). The well 
compacted sandy soils in a very dense state can stand in steep slopes but disturbing or 
sampling may readily reduced them to the consistency of loose sand. The strength 
properties of the sandy soils are presumably influenced by the degree of compaction, the 
degree of interlocking of grains, and the amount of cementation. Sandy soils mainly 
comprise quartz with different proportion of clay matrix and only minor percentages of 
feldspar and lithics. For example, the Whitecliff Sand strata comprised 80 % of quartz, 2 % 
of chert, 6 % of lithics, and 2 % of feldspar. The Barton Sand strata comprise 93 % of 
Quartz, 3 % of chert, 3.5 % of lithics, and 0.5 % of feldspar.  
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Figure 3.32 Undrained strength and SPT N Value Plot of the sand dominant units. Relative 
density-Coarse Soils with SPT N-Value (BS5930:1990): Very loose (0-4), loose (4-10), 
Medium dense (10-30), Dense (30-50), very dense (>50) 
Strength properties of laminated soils 
The laminated soils of the Hampshire Basin are the Wittering Formation and Marsh Farm 
Formation of the Bracklesham Group. The strength properties of these may present a 
considerable variation due to a heterogeneous nature. The Wittering Formation typically 
comprises stiff finely laminated silty clay with inter-laminae and parting of fine sands. The 
Wittering Formation presents a wide range of effective strength parameters (c=5-66 kPa, 
=17-32). The formation presents very low residual effective strength parameters (cr= 
6 kPa, r =9). The significant engineering implications related to slope stability 
considerations for the laminated soils include:  
(i) many horizontal drainage paths may be present associated with either laminated or 
thin sand laminae.  
(ii) laminated soils may be relatively free draining and rapidly dissipate pore pressures 
and softening due to groundwater seepage under the reduction in stresses resulting 
from natural processes or excavation.  
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(iii) effective stress parameters are considered to be the most applicable to determine 
the stability of slopes in a long-term solution. 
Strength properties of rocks 
The most distinctive rock units of the Paleogene of the Hampshire Basin are limestones. 
The value of unconfined compressive strength is used to classify strength properties of any 
lithified rocks (extremely weak to extremely strong). The Bembridge Limestone Formation 
presents a wide range of strength properties varying from weak to medium strong rock. 
The dry unconfined compressive strength of the limestone varies from 29.2 to 42.2 MPa 
and the saturated unconfined compressive strength varies from 8.1 to 10.3 MPa. The 
limestone shows a marked reduction of strength on saturation over 74 %. The effective 
strength parameters of the Bembridge Limestone Formation present c =3.8-4.2 MPa and  
= 43-45.5 and the residual effective strength parameter presents cr=1-5 and r =35-44.8. 
It is also useful to discuss some aspects of the Upper Chalk since this unit underlying the 
Paleogene near the boundary limit of the Hampshire Basin. The Upper Chalk presents a 
wide range of strength properties varying from very weak to medium strong rock. The dry 
unconfined compressive strength of the Chalk varies from 4.8 to 34.0 MPa and the 
saturated unconfined compressive strength varies from 1.4 to 15.9 MPa. The Chalk shows 
a marked reduction of strength at saturations over 50 %. However, due to weathering the 
Chalk near surface is usually softened to some degree of clay soils. For example, the Chalk 
in Portsmouth (M27: Park Gate to Portsmouth Harbour borehole data) comprising brown 
silty clay matrix with undrained shear strength ranges from 24 to 144 kPa. The effective 
strength parameter of the Chalk presents c=3 MPa and  =37 and the residual effective 
strength parameter presents cr=0 and r =34.  
The correlation between consistency limits on strength properties 
The effect of consistency limit on strength properties was examined. The plot of liquid 
limit and effective angle of friction of the London Clay Formation is illustrated in Figure 
3.33. Although there is significant scatter, a negative trend is shown. This suggests that 
variation on strength parameters of the London Clay Formation are linked to consistency 
limit (perhaps clay fraction). The plot of plastic index (PI) against peak angle of friction p 
and residual angle of friction r for the sediments of the Hampshire Basin are illustrated in 
Figure 3.34 and Figure 3.35, respectively.  
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It can be seen that the low plastic clay soils (PI<25%) present a range of strength 
parameters of p=20-40 and r= 15-35. In contrast, the higher plasticity clay soils 
(PI>25 %) present lower range of effective strength parameters with p = 18-30 and r = 
5-15. This suggests that strength parameters of the clay soils in the Hampshire Basin are 
significantly influenced by their consistency limit and clay content, this is in agreement 
with previous studies.  
 
 
 
Figure 3.33 Plot of liquid limit and effective angle of friction of the London Clay 
Formation 
 
Figure 3.34 Plot of plastic index against peak angle of friction for the sediments of the 
Hampshire Basin 
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Figure 3.35 Plot of plastic index against residual angle of friction of the sediments of the 
Hampshire Basin 
3.4.3. Engineering Stratigraphy of the Hampshire Basin 
Burnett and Fookes (1974) and the above discussion (Section 3.1-3.4) demonstrate that 
engineering stratigraphy in the field area can sensibly be based upon existing litho-
stratigraphy used throughout the basin. However, as demonstrated in Section 3.4.2, and 
bearing in mind that the aim of this work is to support the generation of a new 
understanding of landslide distribution across the basin there are factors that preclude using 
existing chrono- or lithostratigraphy without modification.  
1. There are too many stratigraphic units (33) from which to generate a sensible 
geotechnical model (with geotechnical data available for all units).  
2. There is insufficient detail in the existing lithostratigraphy to demonstrate the 
considerable geotechnical variation within some lithological units. This detail might be 
lost if all units (member or formation) were considered homogeneous. For instance the 
important laminated nature of the Wittering Formation and Marsh Farm Formations 
would be lost if they were considered only as part of the predominantly coarse grained 
Bracklesham Group. 
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3. Similarly, there is considerable geotechnical variation within some stratigraphic units 
that is not recognised in mappable units. Though the London Clay Formation is often 
mapped as a sandy and a clay dominated facies, this is the exception. 
For the purposes of this research, a new engineering stratigraphy for the basin was 
developed that reflects the most important elements of each division. Following the studies 
outlined in Section 3.1.2, an iterative approach was used whereby a combination of known 
geotechnical properties are combined with observation made in field survey to develop a 
sensible stratigraphy. This is not an automated method. As discussed previously it is not 
necessarily appropriate to perform automated analyses in such scenarios where there is 
expected to be significant variation in geotechnical properties and significant variation in 
data quality. In this instance, the author felt that this was the most appropriate 
methodology. The approach has 3 steps: 
3.4.3.1. Unified Geological Model 
Unified digital geological models of the study area at 1:50000 were constructed for 
bedrock and superficial (Quaternary) deposits (Figure 3.36, Figure 3.37). Geological maps 
at 1:50000 scale were considered to be most suitable for this study because at this scale 
resolution of Paleogene sequences are mapped at formation level, and where appropriate to 
distinctive member. As can be seen, the resulting model is inconsistent across the area, 
reflecting changing practices of mapping and stratigraphy over the time period in which 
each map sheet was completed. The model also fails to account for those stratigraphic units 
that include different lithologies, for instance those which comprise both sand and 
sandstone (e.g. Thames Group), or sand and clay (e.g. Lambeth Group, Barton Group, 
Bracklesham Group), or marl and limestone (Solent Group).  
Attributing this combined map according to lithological class (ROCK_CODE) in 
the BGS lexicon was initially attempted to develop a preliminary lithological model of the 
basin (Figure 3.38). The units on this map and their sedimentological origins are 
summarised in Table 3.13. From field investigation, it was considered important to retain 
these depositional elements in the classification as it was clear that they result in a 
significant variation in geotechnical properties in different parts of the basin. This proves 
useful especially for the Bracklesham Group for instance which can be divided according 
to an argillaceous or arenaceous origin. Similarly, sand facies within the London Clay 
Formation can be separately mapped as sand members (e.g. Whitecliff Sand Member, 
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Portsmouth Sand Member, Bognor Sand Member) and may be was considered coarse soils 
in term of engineering behaviour. Again, for the Barton Group, the Boscombe Sand and 
Barton Sand were considered for potential non-plastic with relatively high shear strength 
separate from Barton Clay.  
The limitation for the classification based on a 1:50000 geological framework is 
that some strata are not sufficiently distinctive to be mapped separately. For example, 
Reading Basement Bed and London Clay Basement Bed were too thin to map by BGS and 
thus the engineering classification does not represent these beds.  
3.4.3.2. Unified Litho-Stratigraphy of the Study Area 
The geological map described above was re-classified according to lithology as indicated 
on the BGS Lexicon of rock units (Figure 3.38). As described in Section 2.6, the units of 
the basin, must be considered within the context of their depositional history. The Solent 
Group, Barton Group, Thames Group and Lambeth Group are contiguous across the basin 
and can be considered to represent consistent depositional environments across the basin. 
However the Bracklesham Group must be considered to possess two facies, considered to 
be fluvial and marine respectively. Here these are termed Bracklesham A (Western) and 
Bracklesham B (Eastern). The following classification (Figure 3.39, Figure 3.40) was 
adopted:  
i. Solent Group 
ii. Barton Group 
iii. Bracklesham Group A (western fluvial sediments) 
iv. Bracklesham Group B (eastern marine sediments) 
v. Thames Group 
vi. Lambeth Group 
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3.4.3.3. Subdivision of lithostratigraphic units by dominant lithology 
Each of the subdivisions noted above was re-classified (by member or formation as 
appropriate) on the basis of dominant lithology and depositional environment (Figure 
3.41), creating sub-units (Table 3.14, Figure 3.42). These units are classified according to 
the dominant lithological classes identified in this study (Section 3.4.2): 
I. fine soils-dominant clayey soils  
II. coarse soils-dominant sandy soils  
III. laminated-heterogeneous clayey sandy soils  
IV. rocks-limestone 
These sub-units can be considered to be analogous to terrains or behaviour units used by 
other researchers and were considered an appropriate series of units that could be 
represented in a GIS and populated with geotechnical information for subsequent 
modelling. 
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Table 3.13 Summary of the stratigraphy of the sediments of the Hampshire Basin. For the 
purposes of this research, each unit has been classified according to principal engineering 
geological class. Suffixes indicate lithology i.e. clay dominant (c), sand dominant (s) or 
limestone dominant (l). 
Unit  Group Depositional 
environment  
Sub-
unit 
Geological Formation Member 
1 
 
 
Solent  
 
 
 
 
 
 
near Coastal 
environments with 
minor marine 
incursions 
1c Bouldnor Formation (c) 
 
Cranmore  
Hamstead  
Bembridge Marls  
1r Bembridge Limestone Formation (l)  
1c 
Headon Hill Formation (c/s/l) 
Seagrove Bay  
Osbourne Marls  
Fishbourne  
Lacey’s Farm Limestone  
Cliff End  
Hatherwood Limestone  
Linstone Chine  
Colwell  
Totland Bay 
2  Barton marine facies 2s Becton Sand Formation (s)  
marine facies 2c Barton Clay Formation (c)  
mouth bar facies 2s Boscombe Sand Formation (s)  
3  Bracklesham 3-A: dominant 
fluviatile  sand and 
minor lagoonal clay 
3As Branksome Sand Formation (s)  
Poole Formation (s) 
Parkstone Sand  
Broadstone Sand  
Oakdale Sand  
Creekmoor Sand 
3Ac 
Poole Formation (c) 
Parkstone Clay 
Broadstone Clay 
Haymoor Bottom Clay 
Oakdale Clay 
Creekmoor clay 
3-B : dominant 
marine facies 
3Bs Selsey Sand Formation (s)  
3Bs/c Marsh Farm Formation (s/c)  
3Bs Earnley Sand Formation (s)  
3Bs/c Wittering Formation (s/c)  
4 Thames Sand strata of the 
coarsening upward 
sequences as a result 
of alternative marine 
transgression and 
regression 
4s London Clay Formation (s) Portsmouth Sand  
Whitecliff Sand  
Durley Sand 
Nursing Sand 
Warmwell Farm Sand 
4c London Clay Formation (c)  
5 Lambeth Complex coastal 
plain 
5s Reading Formation (s)  
5c Reading Formation (c)  
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Figure 3.36 Geological map at 1:50000 scale of the Hampshire Basin showing subdivided geological formations of the Hampshire Basin.  
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Figure 3.36 (continued)  
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Figure 3.37 Quaternary deposits at 1:50000 scale: Clay with Flint deposits (dark brown) is presented on the Chalk Ridge.  River Terrace 
deposits (orange) and Alluvium deposits (dark yellow). Tidal flat deposits are shown in Poole Harbour, Southampton and Portsmouth 
Harbours. 
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Figure 3.38 A simplified lithology for the Paleogene formations of the Hampshire Basin. The map shows how the basin would be represented 
using a simple litho-stratigraphic classification using only BGS map data.  
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Figure 3.39 Stratigraphical classification in relation to depositional facies: Unit 1-Solent Group, 2-Barton Group, 3-Bracklesham Group (3A-
western facies/3B-eastern facies), 4-Thames, and 5-Lambeth.   
1 
2 
3A 
3B 
4 
5 
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Figure 3.40 Simplified lithological units in relation to stratigraphy and depositional environments. Suffix indicates lithology is clay dominant 
(c), sand dominant (s) or limestone dominant (L).  
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Figure 3.41 Generalised distribution of ground materials of the Hampshire Basin. Chalk Group was presented for basin outlines 
Chalk 
Rocks-LimestoneFine Soils 
Coarse Soils 
 
Laminated Soils 
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Table 3.14 Engineering stratigraphy of the Hampshire Basin proposed by this thesis.  
 
Unit 
Sub 
class 
Engineerin
g behaviour 
Potential 
for Volume 
Change 
Geotechnical characteristic Relevant geological formation/member 
1 1c Fine-soil high Very soft to stiff, high to very high plasticity silty clay, generally comprising 50-70% clay fractions. Hamstead Members  
2 1c Fine-soil high Soft  to stiff, high to very high plasticity silty clay, generally comprising 40-80 % clay fractions, smectitie rich at 
some level. 
Bembridge Marls Member   
3 1r Rock low Weak to medium strong limestone, varying from lithified limestone to marly limestone, soften to some degree of 
clay soils in weathering profile and argillaceous limestone beds.   
Bembridge Limestone Formation 
4 1c Fine-soil medium Very soft to stiff, high plasticity silty clay, generally comprising 60-80% clay fractions, smectitie rich at some level. Headon Hill Formation  
5 2c Fine-soil high Soft to very stiff, high to extremely high plasticity, fissured  silty sandy clay,   
generally comprising > 40 % silt and clay fractions, smectitie rich at some level. 
Barton Clay Formation 
6 2s Coarse soil medium Loose to very dense non plasticity fine sand and low to intermediate plasticity silty clayey sand, generally 
comprising 70-90 % sand fractions, occasionally forming iron oxides- cemented strong sandstone lens or beds. 
Becton Sand/Chama Sand/ Boscombe Sand 
Formations  
7 3Bs/c 
 
Fine / 
Coarse soil 
medium Loose to dense, non-plasticity silty fine sand with laminated to thin-bedded laminations of firm to stiff, high 
plasticity, fissured sandy silty clay, lignite beds present at some level. 
Wittering /Marsh Farm Formation 
8 3Bs Coarse soil low Loose to dense, low to intermediate plasticity clayey silty sand, generally comprising 60-80 % sand fractions. Earnley Sand/Selsey Sand Formations  
9 3Ac Fine-soil medium Soft to very stiff , high- very high plasticity clay, generally comprising 40-80 % silt and clay fractions, kaolinite 
rich at some level.  
Poole Formation (Parkstone Clay, Broadstone 
Clay, Oakdale Clay, Creekmoor Clay Members 
10 3As Coarse soil low Loose to dense, non-plasticity fine to coarse sand and low plasticity silty clayey sand, generally comprising  
80-90 % sand fractions. 
Branksome Sand Formation/Poole Formation 
(Bracklesham Group) 
11 4s Coarse soil low Loose to dense, low to intermediate plasticity, fine-medium gravelly silty clayey fine to medium sand, generally 
comprising 60 - 90 % sand fractions, occasionally forming iron oxides- cemented strong sandstone lens or beds. 
Bognor Sand/Whitecliff Sand/Portsmouth 
Sand/Nursing Sand/Durley Sand  Members 
12 4c Fine-soil medium Firm to stiff, high to extremely high plasticity silty sandy clay,  generally comprising 50 - 80 % silt and clay 
fractions. 
London Clay Formation (clay) 
 
13 5s Coarse soil low  Loose to dense low-intermediate silty clayey sand, generally comprising > 60 % sand fractions. Reading Formation (sand) 
14 5c Fine-soil medium Firm to stiff, high to extremely high plasticity silty sandy clay, generally comprising 40-90 % silt and clay 
fractions.   
Reading  Formation (clay) 
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Figure 3.42 Engineering geological map of the Hampshire Basin based upon the geotechnical stratigraphy developed in this thesis. 
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4. Terrain analysis and landslide identification 
To understand the distribution of geotechnical properties at surface, and to understand their 
relationship with the distribution of landslides across the basin, it was necessary to produce 
an appropriate terrain model of the study area. This formed the basis for targeting 
fieldwork described in Chapter 5 and is the basis for the landslide susceptibility model 
described in Chapter 6. For a regional scale study this was an important step as it enabled 
the identification of field areas for detailed study as well as forming the basis for the 
landslide susceptibility model. 
4.1. A review of a basic concept of terrain studies   
A basic concept of terrain evaluation can be found in several works (Mitchell, 1991, 
Lawrance et al., 1993, Lane, Richards and Chandler, 1998), providing types of data 
requirements and analytically techniques for terrain analyses. Data requirements depend on 
the purpose of the study. The data considered for terrain analyses generally includes 
geology, geomorphology, slope, aspect, hydrology, climate and land use. A terrain study 
has traditionally tended towards the recognition of a nested hierarchy of terrain units 
(Table 4.1). The main advantages are that the terrain classification can be constructed with 
a few characteristics and each unit can be simply related to each other.  
Table 4.1 Hierarchical classification of terrain units including the definition of Land 
System and Catena which are used in this chapter (Mitchell, 1991) 
Terrain unit Definition Mapping scale (approximate) 
Land Zone Major climatic region <1:50,000,000 
Land Division Gross continental structure 1: 20,000,000-1:50,000,000 
Land Province A broad homogeneity of structure and  rock type 1: 5,000,000-1:20,000,000 
Land Region Lithological unit or association having undergone 
comparable geomorphic evolution 
1: 1,000,000-1:5,000,000 
Land System Recurrent pattern of genetically linked land facets 1: 200,000-1:1,000,000 
Land Catena Major repetitive component of  a land system 1: 80,000-1:200,000 
Land Facet Reasonably homogeneous tract of landscape 
distinct from surrounding areas and containing a 
practical grouping of land elements 
1: 10,000-1:80,000 
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Terrain units were created with the goal of producing basic maps for land planning and 
extremely useful in landslide assessment since the terrain unit system allows large parts of 
territory to be rapidly classified, providing a valuable regional view for data collection and 
storage (Pasuto and Soldati, 1999). According to the hierarchical classification Great 
Britain was classified into two major Land Provinces: (i) highland Britain and (ii) lowland 
Britain (Mitchell, 1991). At a nation scale the area of England and Wales was subdivided 
into 24 Land Regions and the whole area of the Hampshire Basin was classified as one of 
these (Mitchell, 1991). This study attempts to classify the whole area of the Hampshire 
Basin into Land Systems and Land Catenas based on this system. 
In recent years, digital elevation models (DEM) have become the most common 
data used in terrain evaluation. The basic concept of DEMs can be found in more detailed 
in Weibel and Heller (1999). A DEM is 3D a digital representation of continuous elevation 
values over a topographic surface by a regular array of z-values, referenced to a common 
datum. The terms of a digital terrain model (DTM) and a digital surface model (DSM) 
sometimes may be used. A DTM represent the earth’s surface including all object on it, 
whereas a DSM represent the bare ground surface. The utilisation of DEM datasets to 
quantify landform features within GIS application have extensively applied for terrain 
analyses in a number of works (such as Irvin et al., 1997; Prima et al., 2006; Iwahashi, 
2007; Zhou and Chen, 2011). 
In a landslide study, topographical factors are commonly considered as a main 
factor controlling landslide occurrences and ground movement processes. The review of 
background knowledge has suggested that the terrain analysis derived from DEM datasets 
using GIS application is an effective way to provide landform characteristics with available 
information and time-effective, thus this method was adopted for this study. The terrain 
analysis and classification for the Hampshire Basin form a key dataset for further landslide 
susceptibility assessment in this area.  
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4.2. Method 
Development of the terrain model, utilising the datasets in Table 4.2 using ArcGIS 10.0 
was carried out in a number of steps: 
1. OS Land-Form Panorama DTM (NTF formats) was converted to raster dataset 
(ArcGRID files). This 50 m resolution dataset was found to be most suitable as input 
for the terrain classification model but was found to be unsuitable for the landslide 
susceptibility model. 
2. ArcGRID files were calculated to generate derivative maps using spatial surface 
analyst tools in ArcGIS 10.0 
a. the hillshade tool creates a shaded relief raster from a raster by considering the 
illumination source angle and shadows. Azimuth angle of the light source is 
expressed from 0° to 360°, measured clockwise from north. Altitude angle is 
expressed from 0° (horizon) to 90° vertical. 
b. the slope aspect tool identifies the down slope direction, expressed in positive 
degrees from 0- to 359.9°, measured clockwise from north.  
c. the slope tool identifies the slope gradient. The inclination of slope was 
calculated in degrees.   
d. the curvature tool calculates the curvature of a raster surface. In the profile 
output, a negative value indicates the surface is upwardly convex at that cell. A 
positive profile indicates the surface is upwardly concave at that cell. A value of 
0 indicates the surface is flat. 
The 50 m resolution dataset was found to be most suitable for this process with the 
exception of the slope angle map which utilised the 5 m spatial resolution dataset (The 
Bluesky DTM). 
3. Hydrologic analysis function in ArcGIS was applied to model the flow of water across 
the landscape of the Hampshire Basin,  
a. the flow direction tool was applied to determine flow direction 
b. the accumulation tool was applied to calculate flow accumulation and stream 
networks 
c. the basin tool was applied to delineate drainage catchment.  
All derivative maps were analysed and classified for the terrain analysis of the study area. 
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Table 4.2 Characteristics of data used for terrain analysis and classification 
Obtained Data Providers/References Data Descriptions Resolution Format 
MiniScale EDINA Digimap 
Ordnance Survey Service 
www.edina.ac.uk/digimap 
1:1 million scale raster 
map providing national 
coverage for Great Britain 
1:1,000,000 TIFF 
OS 1:50,000 Scale 
Colour Raster 
EDINA Digimap 
Ordnance Survey Service  
Topographical raster 
datasets 
1:50,000 TIFF 
 
OS 1:10,000 Scale 
Colour Raster 
EDINA Digimap 
Ordnance Survey Service  
Topographical raster 
datasets 
1:10,000 TIFF 
 
OS Strategic EDINA Digimap 
Ordnance Survey Service  
A regional based dataset 
(settlement, road, railway, 
river, woodland)  
1:250,000 SHP 
OS Land-Form 
PANORAMA 
DTM 
EDINA Digimap 
Ordnance Survey Service  
Digital terrain model 
(DTM) derived from the 
Landranger 1:50,000 
contour mapping.  
50 m cell size NTF  
5m BlueSky DTM Landmap Spatial 
discovery 
www.landmap.ac.uk 
Digital Terrain model 
photogrammetrically 
interpolated from 
stereoscopic aerial 
photography and adjusted 
to record the ground 
surface elevation.  
5 m cell size TIFF 
NTF=National Transfer Format BS7567; TIFF= Tagged Image File Format; SHP=ESRI Shapefile Format 
4.3. Results  
Derivative maps including hillshade, slope, aspect and curvature maps are illustrated in 
Figure 4.1-4.8. These show that the regional morphology of the Hampshire Basin presents 
a wide variation in landform features including Chalk ridges, heathlands, dissected and 
rolling hills, coastal cliffs and low-lying coastal plain (Figure 4.2-4.3). Elevation ranges 
from 0-255 m at Chalk ridges but most of the study area is below 120 m above mean sea 
level (Figure 4.4). Terrain over 100 m is present in parts of Fordingbridge and 
Southampton areas. Portsdown Hill rises to 130 m to the north of Portsmouth.  
Aspect is shown in Figure 4.5. Slopes facing southwards and south-eastwards are 
most widespread in this region (Figure 4.6). The slope classes were initially determined 
based on one of the standard classification method called ‘natural breaks (Jenks)’ provided 
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in ArcMap and then make minor adjustments. The natural breaks classes are based on 
natural groupings inherent in the data. Class breaks are identified that best group similar 
values and that maximize the differences between classes. The features are divided into 
classes whose boundaries are set where there are relatively big differences in the data 
values. Based on the classification method above, the slope map (Figure 4.7) can be 
classified into 5 categories: nearly level (0-2), low-angle slope (2-5), gentle slope (8-
15), steep slope (15-35), and very steep slope (>35). The frequency distribution of slope 
gradients on each slope categories is shown in Figure 4.8. It can be seen that 53.04% of the 
study area is presented by flat areas. Whilst about 40.42% is characterised by low-angle 
slope (2-8) and 5.63% by gentle slopes (8-15). Only 0.92 % are steep- to very steep- 
slopes of >15. The very steep slope is extensive on coastal slopes of the Hampshire Basin.  
Surface hydrologic analysis and watershed delineation of the Hampshire Basin is 
shown in Figure 4.9, demonstrating that dendritic drainage patterns are a common type. 
The input flow direction raster was analysed to delineate drainage basins. Watersheds can 
be automatically delineated using the Basin command (Figure 4.10). 14 main sub 
catchments were identified, except for the Portsmouth areas that were considered as a large 
low-lying coastal plain. Initially this modelling was carried out using the automated 
method but this led to the generation of sinks (areas of internal drainage or areas that do 
not drain out anywhere) which are not present in this terrain. A sink/fill filter was applied 
to the data and the process repeated to develop a watershed model without any sink areas 
(Figure 4.11). The results show that 7 major watersheds can be identified such as The 
Frome River watershed, The Avon River watershed, and the Southampton watershed.  
Anthropogenic influence is shown by the land use map (Figure 4.12). Urban 
developments are found in coastal settlement in Bournemouth, Southampton and 
Portsmouth. Major engineering structures and constructions in the Hampshire Basin 
include buildings, airports, roads, and railway. Several gravel and ball clay pits are in the 
Wareham and Dorset areas. As will be described in the Chapter 5, this pattern is very 
important in the understanding of landslide distribution. Derivatives maps derived from 
DEM dataset using spatial surface and hydrological model analysis in ArcGIS were very 
helpful in defining terrain units.  
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Figure 4.1 OS Landform Panorama DTM raster generated in ArcGIS.  This model, clearly showing the drainage patterns across the Basin 
provides the basis for all subsequent terrain models. 
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Figure 4.2 Hillshade map of the Hampshire Basin derived from the OS Landform Panorama DEM dataset with an illumination azimuth of 0° 
and an altitude of 20°. The structure line E-W trending of the Isle of Wight Monocline, Portsdown Hill and the Alderbury Syncline can be 
seen. The distinctive chalk hills and ridges forming the northern limit of the Hampshire Basin (North Dorset Downs, Cranborne Chase, 
Salisbury Plain and South Downs) are also seen. 
Isle of Wight Monocline 
Isle of Purbeck Monocline
Portsdown Anticline 
Mottisfont-Alderbury Syncline
Chalk hills 
and ridges 
North Dorset 
Downs
Chalk hills and ridges 
South Down
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Figure 4.3 Profile curvature map of the Hampshire Basin derived from digital elevation model. The map presents the curvature of the surface 
in the direction of slope: a negative value indicates the surface is upwardly convex at that cell, a positive profile indicates the surface is 
upwardly concave at that cell and a value of 0 indicates the surface is flat. The curvature map enhances the physical characteristics of fluvial 
landforms showing fluvial dissected plains with varying degree of erosion related to underlying subsurface geology. Ridges and deeply 
incised drainage slopes can be clearly seen.  
Deeply incised slopes 
Upper bound of  the 
Blackwater sub-catchment 
Well defined dendritic 
drainage patterns 
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Figure 4.4 Elevation model of the Hampshire Basin derived from the Bluesky DEM dataset. The topography of the Hampshire Basin presents 
the altitudes between 0 and 255 m.  The elevations were classified in to 15 categories showing a variation in landscape features varying from 
low-lying plain, drainage basins, inland slopes, coastal slope and ridges.   
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Figure 4.5 Slope aspect map of the Hampshire Basin derived from the OS Landform Panorama DEM dataset. The slope aspects were 
classified into 10 categories. The Hampshire Basin presents a complex and variation in slope facets but there is a dominant pattern of 
southerly facing slopes dissected by large fluvial systems. 
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115 
 
 
 
 
 
 
 
 
 
Figure 4.6 Distribution of slope aspect. The Hampshire Basin presents a considerable variation in slope direction but southerly facing slopes 
are dominant. 
2% 6%
11%
12%
15%
16%
13%
10%
10%
5%
Slope aspect (°)
Flat (‐1)
North (0‐22.5)
Northeast (22.5‐67.5)
East (67.5‐112.5)
Southeast (112.5‐157.5)
South (157.5‐202.5)
Southwest (202.5‐247.5)
West (247.5‐292.5)
Northwest (292.5‐337.5)
North (337.5‐360)
116 
 
 
 
Figure 4.7 Slope map of the Hampshire Basin calculated from digital elevation model. The slope gradient were classified into five categories: 
nearly level (0-2), low-angle slope (2-8), gentle slope (8-15), steep slope (15-35), and very steep slope (>35). The very steep slope is 
most extensive on coastal slopes in the mainland section of the Hampshire Basin and the northern Isle of Wight. Elsewhere, steeper slopes are 
limited to the Chalk ridges. 
Slope Gradient () 
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Figure 4.8 Distribution of slope. The Hampshire Basin presents 40.42 % of gentle hill (slope gradient 2-8) and 6.52 % of the exposure of 
gentle slope to steep slope areas with slope gradients greater than 8 up to 35. About 0.03 % is of the exposure of very steep slope areas 
(slope gradients greater than 35). These slope areas will be considered together with the engineering characteristic of the underlying 
geological formations in determining potential landslides that might be occurred.  
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Figure 4.9 Process steps of surface hydrology model and watershed delineation of the Hampshire Basin. The flow direction model was 
generated using the hydrological modelling analysis in ArcGIS, showing the direction in which water would flow. The flow accumulation 
map was calculated showing generated stream networks, this was validated against the OS Stream Vectors Model. 
Flow accumulation map Flow direction map
119 
 
 
 
Figure 4.10 Delineated drainage basins of the Hampshire Basin. The watersheds were automatically delineated using the Basin common in the 
hydrological analysis function in ArcGIS. Although the drainage basin was roughly delineated, a number of small sub-catchments can be 
defined. Although this model incorrectly identified a number of large sink areas at a basin scale it was also very useful at a Catena scale in 
identifying small catchments. 14 main sub catchments were identified, except for the Portsmouth areas that were considered as a large low-
lying coastal plain. 
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Figure 4.11 Revised delineated drainage basins of the Hampshire Basin derived from DEM raster dataset, modified to correct for sink 
generation. The delineation was derived from the adjusted DEM by removing sinks from the raster dataset. 7 major watersheds were 
identified, except for the Portsmouth areas that were considered as a large low-lying coastal plain. 
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Figure 4.12 Landuse map of the Hampshire Basin. The landscape of the Hampshire Basin is significantly modified by man-made activity 
including urban settlements, transportation networks (road, railway, and airport), cultivated land, and mining (clay and gravel pits). 
Bournemouth 
Southampton 
Portsmouth 
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4.3.1. Terrain classification model 
A visual inspection of all datasets was used to derive a land classification system. 
Derivatives maps derived from the DEM dataset using spatial surface and hydrological 
model analysis in ArcGIS are very helpful in defining terrain units. Slope, aspect, stream 
networks, watersheds, and sub-catchments can be analysed interactively in ArcGIS. In 
terrain classification, the whole area of the Hampshire Basin was considered as a single 
unit which represents comparable same geomorphological evolution of the Paleogene 
Basin during the Tertiary. Then, the land region was subdivided into land system by 
grouping similar pattern of landforms. Finally, major components of land system were 
subdivided into land catena.  
Terrain classification of the Hampshire Basin is shown in Figure 4.13 and 
summarised in Table 4.3. The landscape of the Hampshire Basin was subdivided into 11 
Land Systems (A-K) and 20 Land Catenas.  
It is useful to combine terrain evaluation of the Hampshire Basin with other two 
important factors (slope and engineering stratigraphy) to identify landslide susceptible 
terrain. This is likely to be suitable for the inland section of the Hampshire Basin. 
However, it would be better to define cliff behaviour units of consistent morphological and 
geological character for the coastal section that need to be further research in detail at each 
locality. 
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Figure 4.13 Terrain classification of the Hampshire Basin. The landscape of the Hampshire Basin was classified into 11 Land Systems and 20 
Land Catenas. 
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Table 4.3 Terrain classification in a regional context of the Hampshire Basin  
Land System Active Processes 
Elevation 
(m) 
Land Catena 
Slope 
() Underlying Geology  
A Chalk Ridges  Possible uplift/weathering/erosion 40-255 A1 Chalk ridges-Isle of Purbeck Monocline 25-45 Chalk 
A2 Chalk ridges-Dorset Downs, Wiltshire  5-45 Chalk 
A3 Chalk ridges-South Downs 5-45 Chalk 
A4 Chalk-ridges-Portsdown  5-60 Chalk 
A5 Chalk ridges- Isle of Wight Monocline 35-75 Chalk 
B Forest and Heathland  
High relief- rolling hill  
weathering/erosion/slope  30-90 B1 Dorset Heathland  0-30 Poole Formation/ London Clay Formation 
B2 New Forest  Heathland 0-25 Barton Group 
C Major watersheds 
Undulation hill and well-
defined stream networks 
related to main river  
fluvial/weathering/erosion 
 
0-30 C1 Frome River catchment and  
Poole Harbour 
0-35 Poole Formation 
C2 Avon River catchment   0-30 Poole/Selsey Sand/ Branksome/ Boscombe 
C3 Southampton Water catchment 0-20 Bracklesham Group 
D Sub-catchment of 
tributaries 
fluvial/headward erosion  
 
10-100 D1 Black River sub-catchment 0-20 London Clay Formation/ Wittering Formation 
D2 Ober water  sub-catchment 0-25 Headon Hill Formation 
E Incised gully slope  
Straight steep side gully  
fluvial/erosion/slope 30-120 E East Fordingbridge- fluvial slope   0-30 Poole Formation/Selsey Sand Formation 
F Sub-Paleogene basin weathering/erosion 30-70 F Mottisfont-Alderbury syncline 0-30 London Clay/Wittering 
G Southampton low-land weathering/erosion 5-20 G Southampton low-land 0-15 Wittering Formation 
H Southampton high-land uplift/weathering/erosion/slope 20-80 H Southampton high-land 0-35 Reading Formation/London Clay Formation 
I Coastal slope (mainland) marine/weathering/erosion/slope 10-40 I1 Coastal slope of Poole Bay 5-60 Branksome Sand, Boscombe Sand 
 I2 Coastal slope of Christchurch Bay 5-40 Barton Sand/ Chama Sand/ Barton Clay 
J Coastal slope  (Isle of Wight) marine/weathering/erosion/slope 10-60 J Coastal slope -Northern Isle of Wight  10-60 Headon Hill/ Bembridge Marls, Hamstead 
K Low-lying plain  Marine/coastal plain <10 K Portsmouth low-lying coastal plain 0-2 Reading/London Clay/Bracklesham 
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relit) suggested by Cruden and Varnes (1996), and behaviour (first time failures, 
reactivation) suggested by Fookes, Lee and Griffiths (2007). The combination of landslide 
behaviours, geographical location, and human activity may be used for classification. For 
example, Jones and Lee (1994) divided landslides in Great Britain into four broad 
categories: coastal landslides, inland landslides on natural slopes, inland landslides on 
natural slopes produced by the disturbance of pre-existing landslides due to human activity 
and landslide in cuttings, fills and waste dumps caused by human activity. 
5.1.2. Landslide identification and recognition 
In recent years, the literature has demonstrated an increase in the use of remote sensing for 
landside studies. A wide variety of remote sensing data for landslide identification and 
mapping has been used, including aerial photographs (Walstra et al., 2007, Zanutta et al., 
2006), airborne multispectral imagery (Whitworth, Giles, and Murphy, 2005), airborne 
Lidar (Schulz, 2004), and SAR interferometry (Peyret et al., 2008). Aerial photographs are 
the most commonly used due to widespread data availability and standard techniques. 
Aerial photographs reveal topography, geology, soil condition, drainage, and relevant 
human activities at a specific point in time (Mantovani et al., 1996). Additional field 
survey and geomorphological mapping may be carried out. The basic techniques of 
geomorphological mapping in the field can be found in Dackombe and Gardiner (1983). A 
simplified scheme for the recognition of mass movements (Rib and Liang, 1978; van Beek 
et al., 2008) is summarised in Table 5.1. Of the features described in the literature, some 
were found in this study to be more useful for landslide investigation (Table 5.2-5.3). 
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Table 5.1 A simplified scheme for the recognition of mass movements (Rib and Liang, 1978; Van Beek et al., 2008). 
Landslide 
type 
Crown Main scarp Flanks Head Body Foot Toe 
Fall, topple Consists of loose rock, 
debris or soil; probably 
has crack behind scarp; 
in rock has irregular 
shape controlled by 
local joint system. 
Usually almost vertical, 
irregular bare and fresh, 
consisting of joint or fault 
shears in rock and spalling 
on the surface if debris or 
soil. 
Mostly bare edges of rock, often 
nearly vertical. 
Usually not well defined; 
consists of fallen material that 
form a heap of rock, debris or 
soil next to the scarp 
Fall: irregular surface of jumbled 
rock that slopes away from the scar 
and that, if large, tree  may show 
direction of movement radial from 
the scarp; may contain depressions. 
Topple: consist of unit or units tilted 
away from the crown. 
Commonly buried; if 
visible, generally shows 
evidence of reason for 
failure, such as prominent 
joint or bedding surface, 
underlying weak rock, or 
banks undercut by water. 
Irregular piles of debris or 
talus if slide is small; may 
have rounded outline and 
consist of broad, curved 
transverse ridge if slide is 
large. 
Rotational 
slide (single, 
multiple or 
successive) 
Consists of cracks that 
tend to follow fracture 
patterns in the original 
rock; in debris or soil 
cracks are mostly 
curved concave toward 
the slide. 
Steep, bare, concave toward 
the slide and commonly 
high; may show striae and 
furrow on the surface 
running from crown to 
head; may be vertical in the 
upper part. 
Have striae with strong vertical 
components near head and strong 
horizontal component near foot; 
have scarp height that decreases 
toward foot; may be higher than 
original ground surface between 
foot and toe; have ‘en echelon’ 
cracks that outline slide in earlier 
stages.  
Remnants of land surface 
flatter than original slope or 
even tilted into hill, creating at 
base of main scarp depressions 
in which perimeter ponds for; 
has transverse cracks, minor 
scarps, grabens, fault blocks; 
bedding attitude different from 
surrounding; trees lean uphill.  
Consists of original slump blocks 
generally broken into smaller 
masses; has longitudinal cracks, 
pressure ridges and occasional over 
thrusting; commonly develops small 
pond just above the foot.  
Commonly transverse 
cracks developing over the 
foot line and transverse 
pressure ridges developing 
below the foot line; have 
zone of uplift, no large 
individual blocks and tress 
that lean downhill. 
Often a zone of earth flow of 
lobate form in which material 
is rolled over and buried; has 
trees that lie flat or at various 
angles and are mixed into the 
toe material; in rock there is 
little or no flow, often nearly 
straight and close to the foot 
may have steep front.  
Translational 
slide; rock 
slide, debris 
slide, 
mudslide 
Consists of loose 
material and has cracks 
between blocks. 
Usually stepped according 
to spacing of joints or 
bedding planes in rock; has 
irregular surface in upper 
part and is planar or gently 
sloping in lower part 
Irregular Many blocks of rock, debris or 
soil. 
Rough surface of many blocks some 
of which may be in approximately 
their original altitude but lower if 
movement was slow; shows flow 
structure.  
 Consists of an accumulation 
zone of rock, debris or soil; 
spreading and lobate often 
consists of material rolled 
over and buried.  
Debris flow Few cracks Typically has V-shaped 
upper part; is long and 
narrow, bare and commonly 
striated.  
Commonly diverges in direction 
movement. 
 Consists of large blocks pushed 
along in a matrix of finer material; 
has flow lines; follows drainage 
patterns; is very long compared to 
its breadth.  
Buried in debris. Spreads laterally in lobes; if 
dry, may have a steep front 
about a meter high.  
Soil flow Few cracks Steep and concave toward 
slide; may have a variety of 
shapes in outline; nearly 
straight, arcuate, circular or 
bottle-shaped. 
  Conical heap of soil, equal in 
volume to the head region.  
 Spreading and lobate. 
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Table 5.2 Distinct features of active mass movement (Crozier, 1984). Features found to be 
useful in the identification of landslides in this study  
Active 
Application in this study 
(field investigation) 
Application in this study  
(remote sensing investigation) 
Scarps, terraces and 
crevices with sharp 
edges 
 Useful in the identification and 
characterisation of landslides in coastal 
sections  
 Less useful in the subdued features of 
inland landslides 
 Useful on most coastal landslides where 
large enough to be visible 
Open tension crack 
and depressions 
 
 Useful in the identification and 
characterisation of landslides but only on 
certain sites, for instance Arundel where 
active landslides occurred  
 Not visible on imagery and absent from 
most inland landslides 
Secondary mass 
movement on scarp 
faces 
 Visible on complex coastal landslides – 
typically secondary movement from 
steep rear-scarp in the form of 
translational slides or mudflows 
 Visible on complex coastal landslides 
(e.g. Barton on Sea) – typically 
secondary movement from steep rear-
scarp in the form of translational slides 
or mudflows 
Surface of rupture 
near marginal shear 
planes show fresh 
slickensides and 
striations 
 Recognised in some sections – Barton 
on Sea (Barton Clay Formation) and 
London Clay Formation (Whitecliff 
Bay) but only on most active sites. 
 Not visible on imagery 
Fresh fractured 
surfaces on blocks/ 
vertical tension 
cracks 
 Visible on recent rockfall-such as  on 
Bembridge Formation (Bembridge) and 
sand members (London Clay Formation) 
at Whitecliff Bay  
 Not visible on imagery 
Disturbed drainage 
system; many ponds 
and un-drained 
depressions 
 Wet group and swampy areas was 
common on landslide sites observed 
such as Arundel, Romsey  
 Springs are commonly found at the 
interface junction of sand and clay- for 
example, spring was  observed at the 
interface of Poole Formation (sand) 
overlying London Clay Formation (clay) 
at Godshill near Fording Bridge 
 Visible on imagery with 3D visualisation 
(Bird’s eye view) - for example, un-
drained depression and poor drains 
presents on the upper part of the 
complex landslides at Barton on Sea 
(Barton Clay Formation). 
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Table 5.2 (continued) 
Active Application in this study 
(field investigation) 
Application in this study 
(remote investigation) 
Pressure ridges in contact with slide 
margin 
 Few (with the exception London 
Clay Formation) recognised –
possible that Paleogene deposits 
in the study are not strong 
enough to develop these features 
 Not recognised 
No soil development on exposed 
surface of rupture 
 On fresh scarps on coastal scarps 
throughout the study area 
 Not recognised through remote 
identification 
Presence of fast-growing (or pioneer) 
vegetation species 
 Visible on many active coastal 
landslides 
 Not recognised 
Distinct vegetation differences on and 
off slide 
 Notable changes visible on 
coastal and inland sites 
indicating recent disturbance  
 Not recognised 
Tilted trees with no vertical growth  Useful for coastal slopes-such as 
tilted trees on the upper part of 
Headon Hill 
 Not recognised 
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Table 5.3 Distinct features of inactive mass movement (Crozier, 1984). Features found to 
be useful in the identification of landslides in this study 
Inactive Application in this study 
(field investigation) 
Application in this study 
(remote investigation) 
Scarps, terraces with crevices with 
rounded edges 
 Useful in the identification and 
characterisation of landslides in 
coastal sections  
 Less useful in very degraded 
ancient inland  landslides, required 
historical records 
 Useful on most coastal 
landslides where large 
enough to be visible 
 
Crevices and depression infilled with 
secondary deposits 
 Useful in the identification – For 
example, open cracks with infills 
indicating inactive landslides areas 
at Headon Hill   
 Not visible on imagery 
No secondary mass movement on scarp 
faces 
 Useful in the identification and 
characterisation of large landslides 
in coastal sections  
 Useful on most coastal 
landslides where scarp 
presented to compare with 
active landslides in adjacent 
areas 
Surface of rupture near marginal shear 
planes show old or no slickensides and 
striations 
 Useful in the identification to 
compare with active landslides in 
adjacent areas 
 Not visible on imagery 
Weathering on fractured surfaces of 
blocks 
 Useful for rocks fall, for example, 
fractures surfaces of limestone 
(Bembridge Limestone Formation) 
 Not visible on imagery 
Integrated drainage system  Less useful in small inland 
landslides 
 Useful where large enough 
to be visible 
Soil development on exposed surface 
of rupture 
 Useful on most coastal landslides  Not recognised 
Presence of slow-growing vegetation 
species 
 Useful in the identification to 
compare active and inactive 
landslide at the site 
 Not recognised 
No distinct vegetation differences on 
and off slide 
 Useful to compare with active 
landslides in adjacent areas.  
 Less useful due to where 
image quality poor 
Tilted trees with new vertical growth 
above inclined trunk 
 Not recognised  Not recognised 
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5.1.3. Landslide susceptibility assessment 
In a wide review of the subject Fell et al. (2008) showed that for all landslide hazard, 
susceptibility and risk assessments an essential component was a landslide inventory. An 
inventory provides knowledge of landslides in a particular area, typically presenting 
locations, outlines, classifications, date of occurrences and other characteristics. Landslide 
susceptibility zoning was considered to be a development of the inventory (combined with 
other datasets) and involved an assessment of the spatial distribution of landslides and 
commonly, their geological context. Landslide hazard zoning determines a condition with 
the potential for causing an undesirable consequence giving an estimated frequency to the 
potential landslides within a given period of time. Landslide risk zoning involves an 
evaluation of the potential damage to persons, property and environmental features for the 
elements at risk accounting for temporal and spatial probability and vulnerability. 
Landslide assessments can be carried out for different types and level depending on the 
intended purpose of the application (Table 5.4). For example, in a medium scale study 
(1:100,000 to 1:25,000) preliminary landslide assessment is applied to regional 
development or very large scale engineering projects, whilst in a large scale study 
(<1:25,000), detailed landslide assessment is required for site-specific areas. Cascini 
(2008) suggested that the selection of the most appropriate zoning method depends on the 
availability, quality and accuracy of data, the resolution of zoning, the required outcomes 
and scale of zoning, the type of analysis, the complexity of the landslide features, the 
homogeneity of the terrain and the spatial variability of causal factors.  
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Table 5.4 Landslide zoning mapping scales and their application (Fell et al., 2008) 
 
A schematic overview of the main data required for landslide susceptibility, hazard, and 
vulnerability assessment was discussed by Van Westen et al. (2008), providing the types of 
spatial data needed for each of these components and the methods for obtaining them 
(Table 5.5). The information required for landslide assessments consists of spatial 
representation of the factors that are considered relevant for the prediction of the 
occurrence of future landslides. The basic factors are environmental factors (i.e. digital 
elevation model, slope angle/aspect, lithology, structure, soil characteristic, land use), 
triggering factors (i.e., rainfall, earthquake, ground acceleration), and elements at risk 
(building, transportation networks, essential facilities, population data, agriculture data, 
economic data). The selection of these factors depends on the type of landslides, the type 
of terrain and the availability of existing data and resources. It is useful to note that this list 
is dominated by those data which can usually be retrieved from remote sensing techniques. 
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Table 5.5 Schematic representation of basic dataset for landslide assessment (Van Western 
et al., 2008) 
 
 
An overview of methods applied to landslide assessments can be found in Soeters and Van 
Western, 1996, Van Westen et al., 1997 and Dai, Lee, and Ngai (2002). These show that 
numerous methods have been developed to assess the probability of landsliding including 
inventory, heuristic, statistical, and deterministic approaches.  
5.1.3.1. Inventory approach 
An inventory and associated map is the most straightforward initial approach for 
susceptibility mapping techniques which can be prepared by collecting historical 
information on landslide events or from aerial photograph interpretation coupled with field 
checking. The historical frequency of landslides in an area can be determined to provide 
realistic estimates of landslide probability throughout a region (assuming triggering 
conditions are well understood). This methodology now typically forms part of more 
detailed studies that utilise techniques described below. However, classic studies such as 
Jones and Lee (1994) demonstrated that the compilation of a landslide inventory in itself 
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provides new knowledge and enables a broad level of analyses such as the identification of 
the most susceptible location and geology. 
5.1.3.2. Heuristic approach (use of expert judgement) 
In heuristic approaches, subjective, expert opinions are necessary to estimate landslide 
potential based on the assumption that the relationships between landslide susceptibility 
and preparatory variables are known and are specified in the models. The limitation of the 
heuristic approach is that it requires long-term information on the landslides and their 
causal factors for the same site or for the sites with similar condition. In addition, 
weightings and ratings of the variables in this method are subjective. The applications of 
this approach, for example, D'Amato Avanzi, Giannecchini, and Puccinelli (2004) 
investigated shallow landslides in north-western Tuscany (Italy) and demonstrated that by 
comparing the distribution of landslides to geological, geomorphic and vegetation factors it 
was possible to identify the typical slopes susceptible to landsliding. Ruff and Czurda (2008) 
demonstrated that landslide susceptibility for rock and soil slides in the Eastern Alps 
(Vorarlber, Austria) can be determined with an index method. The factor layers 
(geotechnical class, bedding conditions, tectonics, slope, vegetation and erosion) were 
compared to a landslide inventory to determine the most susceptible class in each factor 
layer. Using their experience and knowledge of the landslide distribution they modified the 
weighting of different factors to produce an improved model. 
5.1.3.3. Statistical approach 
For practical purposes, there are very few studies that have used a purely statistical approach, 
and even then they all use some form of subject (observational) input to their models. 
However, it is useful to identify those techniques in the literature that use statistical analysis 
as the dominant form of analyses. In statistical approaches, the assessment involves the 
statistical determination of the combinations of variables that have led to landslide 
occurrence in the past. Statistical estimates (i.e. regression analysis, discriminant analysis, 
and logistic regression) are made to predict areas of landslides where there is limited or no 
inventory, but where similarities can be made with well-studied analogous sites. The 
problem of this method is establishing correlations between independent variables and 
landslide susceptibility without adequate considerations. The application of the statistical 
methods, for example, Crovelli and Coe (2009) estimated the future occurrence of 
landslides in the San Francisco Bay region by using probability models (Poisson and 
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Binomial model) based on historical landslide records. This allowed estimation of 
landslide occurrence rate and its recurrence interval. Ko, et al. (2003) developed 
probability formulation based on historical rainfall data for rainfall-triggered landslides in 
the State of New South Wale, Australia estimating landslide critical rainfall and its 
recurrence interval. The probability of landslides can be derived from triggering thresholds. 
Zêzere et al. (2008) assessed landslide hazard in the Lisbon region on a probabilistic basis 
with a raster calculation based on assumptions that the spatial probability of future landslide 
occurrence can be measured by determining the statistical relationship between past 
landslides of a given type and spatial sets of landslide predisposing factors (slope angle, 
lithology, vegetation and land use) and triggering factors (rainfall). However, Lee and Jones, 
(2004) cautioned on the fundamental weakness of the statistical approach that the statistical 
relationship used must be realistic and representative of reality. As stated above, another 
weakness of some estimations of probability of a landslide occurrence is that the 
probabilities are often derived from an incomplete or qualitative analysis which requires an 
understanding of natural process of landslides and the theory of probability models and 
some subjective input to them. 
5.1.3.4. Deterministic approach 
Deterministic approaches are based on the development of deterministic variables that 
influence the stability of slopes in a known manner. This method is mainly applicable only 
when the ground conditions are relatively uniform and the landslide types are relatively 
well known and relatively easy to analyze. Harrison and Forster (2006) described how the 
BGS used a deterministic/heuristic approach to model landslide susceptibility for the UK. 
They essentially took an existing dataset (geology maps) for the country, populated each 
lithology with landslide susceptibility parameters and developed the model based upon 
those parameters and an elevation model. Susceptibility parameters were defined on the 
basis of limited geotechnical data but with a large input from expert judgement of regional 
and local geologists. The model was developed in a series of 18 iterations over a period of 
6 years (Gibson, pers.comm, 2011; Rees et al. 2009). At a regional level, models utilise the 
availability of geotechnical data to improve a deterministic analysis with the use of slope 
stability calculation. Commonly such models utilise the infinite slope model for an assumed 
geometry and set of ground conditions and it is relatively straightforward to produce a 
landslide susceptibility model. It is useful to consider the advantages and disadvantages of 
this approach Table 5.6 
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Table 5.6 Advantages and disadvantages of deterministic approaches 
Advantage Disadvantage 
 few inputs required 
 computable 
 repeatable 
 adaptable, change inputs easily 
 can add new factors, possibility of 
adding additional factors as conditions 
change and new causal factors become 
significant such as the effect of climate 
change 
 limitations are well known 
 can be incorporated into an iterative 
process (based upon heuristic analysis) 
 over simplistic 
 assumes single failure mechanism 
 assumes same controlling factors 
 assumes steady state 
 relies on quality or underlying datasets 
 difficult to evolve into a predictive tool 
 
5.1.3.5. Incorporation of slope stability analyses 
The infinite slope stability model is one of the most widely incorporated slope stability 
analyses within any of these approaches. Using geostatistical tools within GIS and data 
from purpose built databases, landslide susceptibility assessment can be performed fairly 
quickly at a regional scale (Edwin et al., 2002; Zhou et al., 2003; Deb and El-Kadi, 2009). 
Edwin et al. (2002) demonstrated that by comparing landslides triggered by Hurricane in 
the area of Tegucigalpa, Honduras with the results of a regional GIS-based slope-stability 
(infinite slope) analysis, a landslide hazard map for future landslide occurrence can be 
established. Their infinite-slope analysis employed a DEM based slope map and the 
estimation of shear strength for each geologic unit.  Slope stability in terms of factor of 
safety values was calculated and values near 1.0 indicate possible failure. Zhou et al. 
(2003) demonstrated that similar analyses, integrating an infinite-slope stability model with 
a probabilistic generator, it was possible to generate a reliable model of landslide 
susceptibility for a landslide prone area of Sasebo city, Japan. As mentioned above 
however, such analyses tend to be used only where there is a dominant trigger event such 
as earthquake or monsoon. 
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5.2. Previous landslide research  
5.2.1. National context 
The potential for major destructive landslides in Great Britain is (on an international scale) 
low since most areas are low relief, not subject to tectonic and volcanic activity, and the 
climate is temperate (Cooper, 2007). Landslides in Great Britain though, are common and 
some events pose a significant hazard to life and properties. For example, the landslide at 
Aberfan in 1966 caused 144 fatalities (Penman, 2000). In the Hampshire Basin, there 
fatalities resulted from the landslide (in Jurassic strata) at Lulworth Cove in 1977 (May, 
2008). A review of key landslides in the UK and damage is provided by Jones and Lee 
(1994). This review amended 8,835 landslides records across Great Britain. It has been 
pointed out that most inland landslides in Great Britain are relict but dormant (i.e. capable 
of being re-activated by engineering works, building or other disruptive activities), whilst 
coastal landslides is a present-day process, possibly associated with rising sea level and 
drainage (Cooper, 2007). Recently, a new National Landslide Database has been developed 
by the British Geological Survey (BGS) showing over 14,000 landslides (Foster, Gibson, 
and Wildman, 2008; Gibson, Culshaw and Foster, 2008).  
 The need to take account of landslide problems in the landuse planning process has 
been emphasized by UK Government guidance (Department of the Environment, 1990, 
1996). Detailed investigations were conducted for landslide management strategies 
especially along the UK’s coastline such as the Undercliff at Ventnor (Moore, Clark and 
Lee, 1998; Moore et al., 2007) and the Blackgang (Lee and Moore, 2001) on the south 
coast of the Isle of Wight. In support of the management strategy, these investigations 
produced a planning guidance map which related categories of cliff behaviour to forward 
planning and development control. A useful guidance for cliff behaviour assessments can 
be found in Lee (1997), Lee and Clark (2002), and Moore, Glennerster and Bradbury 
(2003). The Future Coast project was commissioned in 2000 by the Department for 
Environment, Food and Rural Affairs (DEFRA) to provide a better understanding of 
coastal systems and their behavioural characteristics for a national-scale strategic 
management of England and Wales (Halcrow Group Limited, 2002). It has been shown 
that soft cliffs comprised of clays and sandstones (with exception of chalk and other 
limestones) form a key geomorphological element along the coastline of south-central 
England (DEFRA).  These soft cliff frontages are susceptible to the impacts of coastal 
erosion and weathering leading to significant rates of cliff recession.  The cliff retreat is 
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characterised by both gradual recession as a result of marine erosion, slow moving 
landslips which may reactivated as a result of increased erosion and higher groundwater 
levels, and more sudden dramatic failures such as those that have occurred at Blackgang 
Isle of Wight.   
5.2.2. Landslide hazards in the Hampshire Basin  
Even within this low-hazard national context, the Hampshire Basin Tertiary sequence is 
considered, with the exception of the coastal sections, to possess relatively low hazard 
susceptibility. Only two sites; at Barton-on-Sea and at Bouldnor, Isle of Wight was 
considered to be included in the 31 ‘best-known’ landslides in Great Britain (Jones and 
Lee, 1994). However, a number of landslides appear to pose a significant hazard and have 
become a major problem for land use and development in the Hampshire Basin. Landslide 
events have caused substantial loss of property and infrastructure in many localities. 
Several major landslide events are given to emphasize the significant hazard in the 
Hampshire Basin.  
5.2.2.1. Northern Isle of Wight 
In the northern Isle of Wight, a number of damage records as a result of landslides have 
been reported. In 1976 landslides occurred on the western end of Headon Cliff and 
destroyed a gun emplacement at [307 858] (Hutchinson, 1965). These forts were 
constructed prior to 1914 and were undermined by the retreating mudslide scarp in 1948/ 
1949. At Gurnard Cliffs, landslides occurred in 1892 and significant movements occurred 
in the mid 1930s and 1980s and the latter resulted in the loss of 14 m of the seaward edge 
of private gardens (Halcrow Group Limited, 2000). Recent landslides occurred during the 
winter of 2007/2008 resulting in loss of the garden areas of a private residential house on 
Solent View Road (Foster, 2010).  
Landslides and slope instability caused problems in Cowes and Gurnard (Halcrow 
Group Limited, 2000). The coastal slopes between Cowes and Egypt Point have 
historically been developed for residential, leisure and retail purposes, but development 
was initially focused on more accessible gently sloping ground. As the demand and 
opportunities for development sites increased, development spread west toward Gurnard. 
An increase in the number of reported problems of ground instability was attributed to this 
spread of development to steeper ground of marginal stability. The Halcrow Group 
Limited survey showed 110 damage records (30 records for damaged buildings). Instability 
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caused settlement, cracks, tilting, distortion or separation to structures, buildings, roads, 
walls and pipes. A planning guidance map was developed by the Isle of Wight Council and 
Halcrow Group Limited (2005) to account for the potential ground instability problems for 
further land development in this area.  
Small-scale landslides were reported on the east side on the entrance to Wooton 
Creek [560930] in 1974 affecting a house SW of this point (Hutchinson, 1965). A landslide 
just west of Horestone Point was last known to have moved in the spring of 1942 and 
appeared to have consisted of a renewal of movement in part of a larger and more complex 
old landslide, involving an area of 9 hectares and damaged a number of buildings 
(Hutchinson, 1965). Reactivated landslides and new movements occurred in Seagrove Bay 
during the winter of 2002/03, affecting the frontage and properties of Waters Edge, Bonny 
Blink, Shorestones, East and West Rookery and Seahouse following the wet seasons 
(Winfield et al., 2007). Remedial works included drainage, physical stabilisation, seawall, 
and replenishing the beach in front. Drainage and piling stabilization were financed by 
residents.  
5.2.2.2. Barton-on-Sea 
Along the coastal cliff of the mainland section of the Hampshire Basin, several accounts of 
damage as a result of landslides have been reported. Amongst the best known are at 
Barton-on-Sea in cliffs formed by the Barton Clay Formation (Jones and Lee, 1994). 
Coastal protection was carried out in 1960 but it was not entirely effective. The major 
failure of the Barton Court landslide in 1975 resulted in loss of the cliff top cafe, Manor 
Lodge, and beach huts. Landslide activity continues sporadically such as the Cliff House 
Hotel landslides that occurred in 1993 and 2001 and major collapse at Hoskin’s Gap west 
in 2006 (West, 2009). Barton and Garvey (2011) estimated that by 2008 over 46 % of 
undercliff ‘stabilized’ with a 1450 m sheet piled filter drain has been affected by four 
reactivated landslides (Cliff House Landslide, Hoskin’s Gap West landslide, Hoskin’s Gap 
landslides. and Barton-on-Sea Central Area).  
5.2.2.3. Hill Head 
Landslides occurred on the cliff top at Hill Head, Lee-on-the Solent, in January 2010 in 
cliffs formed by the Bracklesham Group (Broom, 2010). Following the cliff collapse, 8 
homes had their electricity, gas and phones cut off whilst one residence was evacuated. 
The collapse damaged a number of cottages at the bottom and the road was closed. Work 
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to repair the failure took over a year. Residents and local businesses have claimed that they 
have lost income since the road has been closed.  
5.2.2.4. Newhaven 
Landslides occurred in the cliff top at Newhaven in the Lambeth Group, following heavy 
rain in the winter of 1942-1943 (Hight, Ellison and Page, 2004). Instability in the 
Woolwich and Reading Formations has threatened the coastal fortifications at Castle Hill. 
This pushed several buildings over the cliff edge. In the winter of 2000-2001 slope 
movements were still continuing on this slope and caused considerable further slippage. 
Remedial measures comprised re-profiling, the installation of rubble filled drains and clay 
and concrete seals.  
5.2.2.5. Others 
Inland, landslides occurred in the Wittering Formation in 1978 and 1979 behind houses 
[SU440121] on the southeast side of Gainsford road in Merry Oak (Edwards and Freshney, 
1987a). Landslides and slope instability have also caused problems for road works in 
several localities. For example, the railway cutting of the A27 road near Arundel is prone 
to ground movements in the London Clay and Reading Formations (Shephard-Thorn, 
Berry & Wyatt, 1982; Aldiss, 2002; Hight, Ellison and Page, 2004). Remedial measures 
included a row of driven sheet piles along the toe. The A259 coast road near Rushey Hill 
has been susceptible to slope movements (Hight, Ellison and Page, 2004). Due to the 
instability, cracking and deformation, the pavement has required frequent repair. Remedial 
works have involved the installation of a sheet pile and bored pile wall, rock fill toe 
weight, road re-alignment and slope re-profiling as well as shallow and deep drainage.  
Slope failures occurred in a degraded cliff line adjacent to the A259 Brighton to 
Worthing coast road (Hight, Ellison and Page, 2004) in the Woolwich and Reading 
Formations. In December 1957 cracks began to appear in the footpath to the coast road 
above the degraded cliff line and by mid-December a length of 150 m of the road was 
affected. During the remainder of the month the slip continued, causing the closure of the 
coast road, the fracture and eventual destruction of a brick tank sewer. The remedial work 
included re-siting of a gas main, toe weighting and re-profiling of the slope.  
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5.2.3. Previous landslide studies in the Hampshire Basin 
Previous landslide studies and site investigations were reviewed to develop an 
understanding of the nature of landslides in the Hampshire Basin. There are 43 mapped 
landslide polygons shown in the Hampshire Basin on existing BGS Geological maps. 
Published landslide records and landslide information within the Hampshire Basin are 
summarised in Table 5.7 
Hutchinson (1965) carried out field reconnaissance on the northern Isle of Wight 
coast providing an account of landslide occurrences and morphological features of the 
coastal section. The study considered coastal slope stability in two categories: ‘slope 
failure’ in which the toe of the slip is situated at or above the slope foot and ‘base failure’ 
in which the slip surface penetrate below the level of the slope foot and generally emerges 
some distance in front of it. Field investigation showed that slope failure on the northern 
Isle of Wight may be shallow landslides when little or none of the cliff top is involved in 
the movement or deep-seated landslides when a significant part of the cliff top is taken. All 
base failures were considered are deep-seated landslides. 
Hutchinson and Bhandari (1971) carried out a site investigation on the coastal 
landslides at Bouldnor Cliff and found that types of movements of these landslides are 
significantly controlled by local geological condition, specifically the presence and the 
elevation of relatively competent beds on the coastal cliff. Gerrard (1988) further discussed 
this spatial variation in types of movement to a function of the rate of debris removal from 
the cliffs toe. To the east of Bouldnor Cliff, relatively resistant strata which are at elevation 
just above beach level increased the resistance of the cliff toe to marine erosion and thus 
shallow mudslides were dominant type of movement. On the contrary, to the west of the 
site the resistant strata was not present and the soft clays exposed at beach level were 
rapidly eroded at rates in excess of mudslide supply. As a result, the slope became over 
steepened promoting deep-seated failures.  
Hutchinson and Bhandari (1971) examined mass movement mechanisms in the 
case of mudslides on Bouldnor cliff which occurred within fissured Hamstead Beds (cr=0, 
r=13.5). The study found that using the infinite slope analysis, the lowest gradient at 
which sliding could occur was 6.1 but the actual slope at which shearing is observed to 
have taken place is so much lower than these values. They proposed that mechanisms in 
such low-angle movements involved undrained loading. The forward thrust by the 
undrained loading of the rear part of the mudslides, where the basal slip surface is inclined 
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fairly steeply downwards and this mechanism can enable shearing movements to take place 
on slopes considerably flatter than those corresponding to a state of limiting equilibrium 
for residual strength on the sliding surface and ground water coincident with flowing 
parallel to the slope surface.  
Bromhead (1979) explored factors affecting various types of mass movement in 
coastal cliffs consisting of overconsolidated clay with special reference to southern 
England (including Alum Bay, Whitecliff Bay, and Bouldnor Cliff). Counter to the widely 
accepted hypothesis for the transition from mudsliding to deep-seated rotational landsides 
as the main agent of mass transport in actively eroding clay cliffs is that the rate of marine 
erosion at the toe of the slope, he proposed that the various types of movement depended 
largely on the nature of the slope materials. The study demonstrated that if the crest is 
generally similar in nature to the rest of the slope, then mudslides are the dominant form of 
mass movement, whereas if there was a caprock, then deep-seated, rotational failures occur 
in a well defined cycle. The presence of a very much stronger caprock, particularly if allied 
with a strong basal bed, promotes the deep-seated rotational slides into multiple rotational 
slides. 
The SCOPAC sediment Transport Study (Carter et al., 2004) provides an overall 
framework for the coastline management of central southern England. The study 
summarised the overall pattern of coastal erosion and landslides covering the coastal cliff 
on the mainland and the northern Isle of Wight. They found that landslide hazards in this 
region involved unstable coastal slopes of soft rock cliffs affected by episodic erosion and 
landslides, and often periods of sustained and intense rainfall (see Table 5.7 for detail). 
The coastline of Southeast Britain is formed in sedimentary rocks of Jurassic, 
Cretaceous and Tertiary age, the majority of these deposits containing thick strata of 
mudrocks and where these strata are appropriately exposed, particularly at the foot of a 
coastal slope, they give rise to landslides (Bromhead and Ibsen, 2004). Bromhead and 
Ibsen (2004) concluded that landslides with strong bedding-controlled basal shear surfaces 
are the predominant form of instability along the southeast coastline of Britain.  Several 
studies attempted to determine possible reason for the development of shear surfaces of the 
Barton Cliff landslide in the Hampshire Basin. Degradation processes at Barton Cliffs 
included bench sliding, scarp slumping, spalling, debris sliding, and mudsliding (Barton 
and Coles, 1984). Barton and Thomson (1986) and Barton (1988) suggested that the A3 
shear surface at the sand-clay interface (the classified stratigraphic units within the Barton 
Clay Formation as proposed by Burton, 1933) is promoted by more rapid re-distribution of 
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seasonal pore pressure, faster equilibration of seasonal pressures depressed by unloading 
and seepage erosion in the sand. Further study by Fort, Clark and Cliffe (2000) observed 
that the shear surface at C/D and F1/F2 stratigraphic interface occurred where hard bands 
of calcareous mudstone and nodule beds and these relatively ‘stiff’ inclusions may result in 
the development of strain concentrations during swelling or shearing, leading to the 
development of preferred slip planes. Barton, Hillier and Watson (2006) further analysed 
the most dominant of the bedding plane shearing in D-zone and found that the slip surface 
of this mudslide is associated with a dark clay seam which has higher mixed layer illite-
smectite, lower residual shear strength, lower permeability than the ambient D zone clay 
(their term for lithologies immediately adjacent to a very thin clay layer). Barton, Hillier 
and Watson (2006) proposed 6 stages for the evolution of the D Zone shear surfaces: (i) 
deposition within temporary tranquil conditions allowing clay-rich material to settle out; 
(ii) folding of the strata and some flexural slip may occur but is distributed across the 
whole thickness of the Paleogene strata; (iii) uplift and erosion of the overlying upper 
Paleogene strata, resulting in over-consolidation of the remaining beds; (iv) further uplift 
and erosion during the formation of the Solent River valley, resulting in some lateral 
unloading (v) coastal recession leading to lateral unloading allows rebound with 
differential slip along the D Zone dark seam, producing a shear surface in the residual 
state; (vi) marine erosion over steepens the cliff causing compound slides preferentially 
utilizing the D Zone shear surface, which is already in a residual strength. The studies of 
the Barton Clay cliff suggest that important consideration for the landslide study in the 
Hampshire Basin is local lithological variations of the slope materials and the stress history 
of the sediments that exert significant influence over the slope instability. Specifically in 
their study they consider the release of lateral stress due to coastal erosion to be an 
important factor in landslide mechanism. A model is supported by Dixon and Bromhead 
(2002) working on the London Clay Warden Point landslide in Essex. 
Barton and Garvey (2011) examined reactivation of landsliding following partial 
cliff stabilization at Barton-on-Sea. They concluded that the drainage design concentrated 
on the stratigraphy of the solid strata but gave insufficient attention to the form, location 
and modes of previous landsliding in inherently unstable under cliffs. The degradational 
features not sufficiently taken into account included the indentation of mudslide gullies 
into the upper bench, the presence of the slide-prone F2 surface beneath the toe of the sheet 
piling and the presence of the active ‘D’ Surface at a shallow depth beneath the beach at 
the western end of the stabilized area. Hosseyni, Torii, & Bromhead (2012) discussed 
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Barton and Garvey’s work and suggested that the Cliff House landslide could be 
interpreted as quasi-independent compound slides on the F and D horizons of the Barton 
Clay instead of a deep-seated slide.  
Hight, Ellison and Page (2004) reviewed several cases of the slope instability that 
occurred within the Lambeth Group of the Hampshire Basin. The investigations on the 
landslides at Castle Hill, Newhaven indicated that the failures were probably the result of 
elevated pore pressures in a laminated sand and clay unit of the Lambeth Group at the base 
of the slip. Their investigation on the slope failure in a degraded cliff line adjacent to the 
A259 Brighton to Worthing coast road indicated that the movement was controlled by the 
presence of weak lignitic clays within the Lambeth Group. 
Halcrow Group Limited (2000) carried out coastal slope instability studies at 
Cowes and Gurnard. The study concluded that ground movements in this area are related 
to two key factors: the presence of weak clay subsoil and the presence of relict landslides. 
In this study cliff behaviour models were constructed to provide an indication of landslide 
geometry, geology, and the likely mode and mechanisms of failures. The study identified 
landslide hazard potential based on coastal landform development, geomorphological 
conditions, ground behaviours and the impacts of past ground movement. Types of ground 
movement were classified into coastal mudslides, sea cliffs, deep-seated landslides, 
degraded coastal slopes, cliff top settlement and recession, valley-slope instability, and soft 
ground. The study found that there were relationships between the types of ground 
movement that can be expected in different geomorphological units. For example, the 
concentration of severe damage at Gurnard Cliff was found to be the result of a 
combination of coastal mudslides, undermining and recession of the cliff top, active 
settlement of the cliffs and translational movement of debris to the foreshore. Outward 
displacement and heave of mudslide lobes at the base of the coastal cliffs has promoted the 
destruction of coastal defences along this section. In a different way, widespread 
differential settlement, shear and crack damage, tilts of structures in the area above 
Prince’s Esplanade and Egypt Esplanade caused by deep seated landslides. Ground heave 
at toe of slope was possibly exacerbated by the restrain of the existing sea wall.  
Hutchinson and Bromhead (2002) gave an overview of the situation with regard to 
ground instability on coastal cliffs of the Isle of Wight. The study discussed the importance 
in certain localities of relict coastal environments. They considered that erosion of paleo-
valleys or buried valley to be important factors in the stability of the Bembridge Limestone 
Member in the buried valley of the Medina River (indicated by inferred buried landslip 
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features in the estuary). They also considered that deep channels offshore of Osborne Bay 
may have been the remnant of an old coastline or sequence of landslides in the Osborne 
Beds. Similarly they identified what they considered to be relict slide features at Old Castle 
Point and east of Sconce Point to Cliff End where there are landslides in the Bembridge 
Marls Member and Osborne Beds).  The study also pointed out the potential connection 
between the deep-seated landslides at Bouldnor Cliffs and the erosion of the now 
submerged cliff may have occurred in the past when coastal erosion had progressed less far 
and the-then terrestrial cliffs was closer to the submerged one. The approximate extent of 
the base failures of the deep-seated landslides was indicated by the strongly back-tilted 
Hamstead Beds in the foreshore coincided approximately with the higher parts of the 
submerged cliff.  
Winfield et al. (2007) carried out detailed geological investigation and slope 
stability analysis on the coastal slopes which have a long history of landsliding at Seagrove 
Bay. The study found the factor of safety against slope failure at the site only remains 
above unity when there was an adequate beach fronting the seawall. The whole slope was 
critically stable so that any change of conditions such as a reduction of toe weight due to a 
lowering or removal of the mobile beach deposits, or an increase in water table level within 
the slope deposits may lead to failure. Ongoing coastal erosion could lead to the 
reactivation of landsliding. This study emphasized the impact of climate change (increased 
sea level rise and storminess, together with the prospect of higher annual winter rainfall) 
can be expected to increase the instability and risk of slope failure in coastal landslides. 
Previous landslide study related to climate factors that conducted by Ibsen (1994) has 
demonstrated that that the effective rainfall was a very useful indicator of landslide events.  
Foster (2010) carried out field surveys on coastal landslides in the Isle of Wight. 
The investigation found that the morphological feature of the cliffs at Fort Victoria was 
characterised by shallow mudslides and mudflows at the slope toe whereas more deep 
seated landslide topography of degraded hummocks and ridge of ancient landslides was 
presented at the cliff top. The ancient landslides indicate that previous failures along this 
coastline were more extensive than the present shallow failures on the contemporary sea 
cliff. Foster (2010) also suggested that a larger deep seated landslide was likely to have 
occurred at some point in the cliffs evolution during a different climatic regime, possibly 
during the Quaternary and under different sea level (as evident by the presence of near 
vertically bedded raft of slope materials embedded in the beach). This observation supports 
the proposition of evidence for large scale landslides observed by Hutchinson and 
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Bromhead (2002) and Winfield et al. (2007). These studies emphasized the significant 
effect of coastal evolution on coastal landslides.  
Other workers have considered engineering properties related to landsliding and 
subsidence in the Hampshire Basin. Barton, et al., 2003 related instability in the 
Bracklesham Group to changes in groundwater regime, resulting in local settlement and 
subsidence and the presence of overlying terrace deposits. Potential moderate ground 
heave may present in areas underlain by London Clay and Barton Clay (Barton, et al., 
2003). Parts of the Paleogene strata especially the London Clay Formation comprising high 
shrinkable clays with high smectite contents may lead to shrink-swell behaviours, cracks 
and ground movement (Hopson, 1999; Aldiss, 2002; Booth, 2002). Instability associated 
with the London Clay Formation can also be related to human activity, particular where 
over steeped slopes is created during engineering (Hopson, 1999; Booth, 2002).  
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Table 5.7 Published landslide records of the Hampshire Basin 
Location Landslide records References 
Instability on natural slopes in the mainland of the Hampshire Basin 
Burwood 
[SU 060 140] 
Rotational slips of Reading Formation and basal London Clay Formation 
form outliers above the Portsdown Chalk, north of Cranborne. 
(Barton et al., 2003) 
near Alderbury 
 [SU 18110 27060]  
Landslides occurred within the Lambeth Group and London Clay.   (Hopson et al., 2008) 
Lytchett Matravers   
[SY 945 977] 
Several landslides are developed on clays of the West Park Farm Member 
and are associated with springs issuing from the base of the overlying 
Warmwell Farm Sand Member (London Clay Formation). The most 
spectacular slip (650 m long by 200 m across) occurred west of Combe 
Almer on slopes of 10° or less.  
(Bristow et al., 1991) 
Shirrell Heath  
[SU 580144] 
Landslides are associated with the London Clay or sand bodies within the 
formation. 
(Hopson, 1999) 
Blendworth Common 
[SU 705107] 
Landslides are associated with the London Clay or sand bodies within the 
formation. 
(Hopson, 1999) 
Binsted  
[SU980062] 
 
Landslides occurred in several places where steep slopes have developed 
on the Reading or London Clay Formation. Examples occur south-east of 
Arundel in the degraded river cliffs beside the Arun and in Binsted Rife 
near Binsted 
(Aldiss, 2002) 
Arundel 
[TQ 028056] 
Landslides occurred in the Reading and the London Clay Formation, 
notably where steep slopes have been eroded at spring-heads or by rivers. 
(Aldiss, 2002) 
Crossbuss 
[TQ 034658] 
 
The north-western part of a landslip developed mainly in the London 
Clay, north of Crossbuss, is relatively old and has been degraded, but the 
south-eastern portion is more recent, with a prominent back scar. 
(Aldiss, 2002) 
Romsey  
[345205] 
Hummocky ground lying between the A31 and A27 roads west of 
Romsey was considered as slipped laminated clays of the Wittering 
Formation. Uneven marshy ground north of the A27 road [3390 2127] to 
[3423 2087] was also interpreted as slipped material. 
(Edwards & Freshney, 
1987a) 
Halterworth [370215] to  
[374 219]; [378 219]   
These landslips involve laminated clays of the Wittering Formation just 
beneath the base of the Earnley Sand, which is in turn closely overlain by 
Terrace Gravels. 
(Edwards & Freshney, 
1987a) 
Merry Oak 
[SU440 121] 
 Landslides occurred in 1978 and 1979 behind the houses on the SE side 
of Gainsford road in Merry Oak. The bulk of the site rests on of the 4th 
Terrace Gravels that overlie laminated clays of the Wittering Formation.  
(Edwards & Freshney, 
1987a) 
A degraded cliff line adjacent 
to the A259 Brighton to 
Worthing coast road 
 
Slope failure occurred in a degraded cliff line adjacent to the A259 
Brighton to Worthing coast road. The cause of the failure was attributed 
to the presence of weak lignitic clays within the Woolwich Formation and 
the removal of the toe by dredging. 
(Hight, Ellison and Page, 
2004) 
Instability on natural slope  in the northern Isle of Wight  
Durton Newport  
[SZ525884]  
Landslides with 360 m wide and 45 m long occurred in Hamstead 
Member (Bouldnor Formation) first seen in 1962, on the slope gradient of 
10° slope. 
(Hutchinson &Bromhead, 
2002) 
Headon  Point  
[SZ305862]  
Landslides occurred in Osborne and Headon Beds as the continuation of 
the coastal landslides of Headon Point. 
(Hutchinson &Bromhead, 
2002) 
148 
 
Table 5.7 (continued) 
Location Landslide records References 
Instability on embankment or cut slopes 
Chandlers Ford bypass Eastleigh Landslides occurred in the cutting face of the A33 road along the 
northbound exit from the Chandlers Ford Bypass to Leigh Road in March 
1981 following periods of heavy rain. The slip surface was assumed to be 
taken place along the laminations of the Bracklesham Group.  
(Hampshire County 
Council) 
Merry Oak 
[SU440 121] 
Landslides occurred in the vicinity of Gainsford Road and Braeside Road 
in Merry Oak on a NW-facing slope in 4890. Several small scarps 
oriented NE-SW and N-S were presented on the slope at that time 
(Edwards & Freshney, 
1987a) 
Arundel 
[TQ 022062] 
Landslides occurred either side of the railway cutting near Arundel   (Shephard-Thorn, Berry, 
& Wyatt, 1982)  
Hedge End 
 [SU482136] 
Landslides occurred on the western face of the embankment on the 
B3036 road after a period of prolonged heavy rain during April in 1998. 
The material used (London Clay) and inadequate slope design was 
considered to be the main factors for the failure.  
(Hampshire County 
Council) 
Rushey Hill 
 [TQ2458013] 
The A259 coast road along strike of Lambeth Group outlier below 
Rushey Hill, partly in cutting and partly in cut and fill has been 
susceptible to slope movements. The majority of problems were within 
the Woolwich Formation.  
(Hight, Ellison and Page, 
2004) 
 
Instability on coastal slopes in the mainland of the Hampshire Basin 
Bournemouth Bay from 
[SZ055890] to[SZ170905] 
Slope stabilization installed to some areas of cliffs along coastal section; 
re-graded, in places drained, vegetation encouraged. Locally, cliff 
instability remains a problem 
(Carter et al., 2004) 
Canford Cliffs In spite of protection of their toes some cliffs have continued to retreat at 
the top and have required insertion of drainage to improve their stability 
(Carter et al., 2004) 
Hengistbury Head, Cliffs beneath Warren Hill, at this point some 900 m to the west of the 
Long Groyne the beach only partly protects the cliff toe so that talus 
removal and undercutting occur to maintain cliff instability and retreat. 
(Carter et al., 2004) 
Naish cliffs 
[SZ220931] 
Large landslides along unprotected cliffs, loss of holiday camp lands at the 
cliff top of Barton Formation.  
(Barton 1973; West, 
2009) 
 Western extremity of Barton cliff stabilisation, 2001, a major failure 
occurred in December 1993, threatening the hotel (seen to left). It occurred 
as a complex multi-plane failure with substantial movement along the 
Highcliffe Sand bed deep below the cliff, and passing under the revetment 
and near shore seabed. It displaced the cliff toe revetment by up to eight 
meters and has resulted in continuing detachment of blocks at the cliff top 
(Carter et al., 2004) 
Central Barton-on-Sea 
[SZ238930] 
Protection measures applied; however, initial stabilization only partially 
effective and in the winter of 1974/75 deep-seated failures led to loss of 
several properties. 
 
Newhaven 
[TQ448001] 
Following heavy rain in the winter of 1942/43 a number of flat-bottomed 
rotational slips developed which ran into mudflows over the top of the 
cliff. The slip surface occurred within the Woolwich Formation and the 
failure was presumably as a result of elevated pore pressures in a 
laminated sand and clay unit at the base of the slip.  Wet weather in the 
winter of 2000/01 caused considerable further slippage. 
(Hight, Ellison and 
Page, 2004) 
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Table 5.7 (continued) 
Location Landslide records References 
Instability on coastal slopes in the northern Isle of Wight (NW) 
Alum Bay [SZ305855]    In 1924-1925 mudslides of Reading Clay considerable advanced during 
winter and in 1976 the mudslides projected over 10 m across the beach. In 
1976 mudslides was noted in London Clay and Barton Clay 
(Hutchinson, 1965) 
Headon cliff [SZ310862]  In 1839 landslides on the N side of Headon Hill were noted. In 1960-1961 
several slips in this cliff occurred in the winter. In 1976 translational slide 
exhibited fresh scarps at the western end of Headon Cliff and a pool of 
water was observed.  
(Hutchinson, 1965) 
Totland  In 1909 the Totland Bay cliffs were much obscured by landslides. 
In 1960-1961 in the winter, mudslides spread across the SSW end of a sea 
wall (built between 1910 and 1925) and slight movements in the cliff top 
were reported at the north-eastern end. In 1974 To the NNE of Totland 
Pier, the slopes behind sea walls suffer only minor shallow slips. 
Significant instability continued within some cliff sections and resulted in 
occasional extension of debris lobes across the esplanade e.g. winter of 
2000/2000.  
(Hutchinson, 1965) 
(Carter et al., 2004) 
Colwell Bay In 1909 landslides were obscuring the cliff at the north end of Colwell 
Bay. Shallow landslides and degradation zones occurred on the steep 
eroding profiles from north of Colwell Chine toward Fort Albert.  
(Hutchinson, 1965) 
(Carter et al., 2004) 
Fort Albert In 1974 movements in a tunnel seaward of Fort Albert were reported and 
the coastal slope between [340898and 344897] was subjected to 
continuing small movement. Old deep-seated rotational slip was reported 
at the eastern end of this length. A sea wall protects the cliff toe for 200 m 
to the northeast of Fort Albert, but there is instability of the slopes behind.  
(Hutchinson, 1965) 
  
Fort Victoria [SZ338895]  Further instability of deep seated is presented behind the cliff top whilst 
the cliff toe are actively failing through shallow mud slides. 
(Foster, 2010) 
Bouldnor Cliff [SZ390910]  In 1856 landslides was noted. Complex Deep-seated landslides occurred to 
the west and mudslides to east. In 1976 bench-like, part rotational slip at 
[38659065] and [38809075] was active and a pool of water was observed 
on a back-till. Mudslide movement is seasonal and controlled by undrained 
loading. Further east the cliff height declined towards Gully Copse 
[394914] and occupied by shallow landslides. 
(Hutchinson & Bhandari 
1971; Carter et al., 2004) 
Burnt Wood The cliff between Burnt Wood and Thorness Wood exhibited fairly large, 
but shallow landslides.  
(Hutchinson, 1965) 
Whippance Farm to Gurnard; 
Thorness Bay 
In 1889 the Thorness Cliff was reported being much obscured by slips. 
Active mudsliding and shallow translational slides occurred on the cliffs. 
Some basal protection is supported by Bembridge Limestone at Gurnard 
Ledges.  
(Carter et al., 2004) 
Gurnard to West Cowes 
[SZ475955]  
In 1962, old landslides were observed at about 47657 and the coast road 
between there and Egypt Point. In Cowes, cracked houses and deformed 
road surfaced were observed on the northern slopes to the Solent and the 
eastern ones to the River Medina. In 1968 much landslide occurred on the 
cliffs between Gurnard Ledge and Cowes. In 1975 a slip to the south of 
Gurnard ledge was reported to have occurred in the spring. 
(Hutchinson, 1965) 
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Table 5.7 (continued) 
Location Landslide records References 
Instability on coastal slopes in the northern Isle of Wight 
East Cowes In 1856 landslip debris covers the cliffs on the E side of Cowes Harbour was reported. 
In 1968-The cliff at Osborne was mentioned as long ago sloped and plated. 
(Hutchinson, 1965) 
Norris Castle  
[SZ513964] 
Reactivation of old mudslides near Norris Castle  (Roberts and Jewell, 2000) 
Woodside 
 [SZ551935] 
A slope failure plane has been intermittently triggered by loss of toe weight following 
marine erosion since at least the late nineteenth century. In 1974, small scale landslide 
on the east side on the entrance to Wootton Creek [560930] and slow ’creep like’ 
affecting house SW of this point was reported. In 1887 broken and slip ground on the 
west side of Wootton Creek was reported. In 1968 near the boat house, west of 
Wootton Creek, an oblique reference is made to associate by landslides.  
 (Hutchinson, 1965) 
Quarr Abbey estate 
[SZ562929] 
Small-scale rotational sliding and cliff toppling occurred at Fishbourne and in front of 
the Quarr Abbey estate 
(Carter et al., 2004) 
 Binstead 
[SZ575928] 
Toe erosion of the relic coastal slope and some reactivating slips are apparent 
eastwards to Binstead behind dilapidated defences.  
(Carter et al., 2004) 
Ryde The cliff near Ryde House [581930] was obscured by landslips. Landslip debris 
obscuring the cliff line at Ryde exposed until about 1870. In 1938 mudslides cross 
over the sea wall below Node’s Fort. During the construction of sea wall near Ryde 
Pier, A rotational slip occurred at [590929] 
(Hutchinson, 1965) 
Seagrove Bay  
[SZ632908]      
In 1942 - multiple rotational slides occurred just west of Horestone Point, which is 
last known to have moved in the spring of 1942. Landslides occurred during the 
winter of 2002/2003. A deep seated rotational landslide based in Fishbourne Member 
(Headon Hill Formation) extending to a depth of some 7 m below beach level. 
(Winfield et al., 2007) 
 
Priory Bay In 1909 Horestone Point was much affected by landslides. In 1938 minor mudslides 
crossed over sea walls in the north of Priory Bay and to the south of Node’s Point.  
Slope failures of the Bembridge Marls over the Bembridge Limestone occurred 
frequently west of Node’s Point and between Node’s Point and the old church (slides 
took place at [637897] in 1971 and at [637896] in 1973). 
(Hutchinson, 1965) 
Bembridge Point 
and Tyne Hall 
[SZ887648] 
The 15 m high cliffs between Bembridge Point and Tyne Hall exhibited reactivations 
of a relic wooded cliff line. The evolve by a simple landsliding process in which 
failures of the backscar leading to extension of debris accumulations across the beach 
 
Bembridge 
Foreland 
In 1962 landslides occurred at [648868] in Bembridge Marls and base failure being 
inhibited by the presence of the Bembridge Limestone in the cliff top. In the winter of 
1970-1971 deep-seated slides with some multiple retrogressive movements were 
reported at [642864]. These rotational landslides and mudslide failures occur from 
beach level to the scarp of the cliff and are beginning to retreat on the school grounds. 
(Hutchinson, 1965)  
(Foster, 2010)  
Whitecliff Bay  
[SZ638857] 
Shallow mudslide is developed in vertically bedded laminated sandy muds and in 
2007 had receded to within 20 m of a caravan Park. Major mudslides developed in 
Reading Formation and London Clay Formation. 
(Hutchinson, 1965; (Carter 
et al., 2004)) 
 
 
 
151 
 
5.3. Method 
A number of stages were undertaken in the identification of landslides in the study area:  
1. Desk study and landslide data collection. 
2. Visit the BGS office in Keyworth, Nottingham for training in landslide identification 
using Geovisonary and Socetset software. This was initially scheduled to be a 
significant period of time. However, in practice, for the field area, this approach is 
limited by image quality and data took several months to develop and process. 
Fortunately, this discovery coincided with a revision to imagery available online 
through Google Map or Bing Maps. In agreement with Gibson (pers.comn, 2011) these 
were considered satisfactory for the identification of landslides throughout the basin.  
3. Digital image data collection. Aerial photograph and Lidar imagery were downloaded 
from the Channel Coastal Observatory and processed for landslide identification. 
Landslide identification was carried out utilising available data sources (Table 5.8).   
4. Preparing landslide inventory in a  GIS platform using ArcGIS 10.0 software 
5. Field check and geomorphological mapping in critical areas of interest (Barton on Sea, 
Milford on Sea, Whitecliff Bay, Alum Bay, Headon Hill, Lytchett Matravers, Romsey, 
Arundel, Bishop Waltham, Alderbury, and Fordingbridge). 
Table 5.8 Data sources for landslide identification and mapping  
Obtained Data Providers/References Data Descriptions 
Landslide information British geological Survey 
BGS 1:50,000 geological map 
Coastal Visitors Centre 
Published works  
National landslide database   
 
Aerial photographs Google Earth 
(http://www.google.co.uk) 
Bing map 
(http://www.bing.com/maps) 
Channel Coastal Observatory 
(http://www.channelcoast.org) 
Historical imagery (1945-2012) with 3D terrain 
visualisation 
Aerial photographs with Bird’s Eye visualisation 
Aerial photographs on coastal areas (2001 – 2010)   
Lidar Image Channel Coastal Observatory 
(http://www.channelcoast.org) 
Lidar datasets  (2004-2008) 
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5.4. Results 
5.4.1. First model of landslide distribution  
This sections reports the results obtained from landslide identification through image 
interpretation coupled with walk over survey. Landslide identification and recognition 
using imagery interpretation follows a scheme for the recognition of mass movements 
suggested by (Rib and Liang, 1978; Van Beek et al., 2008) were given in section 5.1.2. 
Distinct features of active and in active mass movement follow a scheme suggested by 
(Crozier, 1984) and features found to be useful applied to the identification of landslides in 
this study are discussed in detail in section 5.1.2.  
Some distinct landslide features of shallow mudslides and flows that can be 
recognised and identified on imagery interpretation are illustrated in Figure 5.2. Ground 
features indicative of this type of movement include source areas, elongate, mud lobes and 
accumulation zones. Some distinct landslide features of complex landslides that can be 
recognised and identified on imagery interpretation are illustrated in Figure 5.3. Ground 
features indicative of this type of movement including step like topography, major scarps, 
minor scarps, and subsequent mudflows across the minor scarps. Landslide recognition, 
field investigation and geomorphological mapping are given in detail in Appendix D.  
A landslide inventory was conducted for the whole area of the Hampshire Basin 
(Figure 5.4). Image interpretation and field reconnaissance identified 137 landslides of two 
broad categories: coastal landslides and Inland landslides. The coastal landslides were most 
extensive along the coastal areas on the northern Isle of Wight. While, in the mainland 
section of the Hampshire Basin, coastal landslides were identified at Barton on Sea and 
Bournemouth. Inland landslides are wide spread in Lytchett Matravers and Southampton 
Areas.  
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Figure 5.2 Distinctive landslide features of shallow mudslides and flows recognised on 
aerial photographs.  
Hummocky or 
irregular slope 
Source area
Main track, 
elongate forms 
Accumulation zone
Source area 
Main track 
Accumulation zone
Lobate forms 
154 
 
  
 
 
Figure 5.3 Examples of aerial photographs contain evidence of complex landslides of the 
Hampshire Basin. Ground features indicative of this type of movement include step like 
topography, major scarps, minor scarps, and subsequent mudflows across the minor scarps.  
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Figure 5.4 Preliminary landslide inventory of the Hampshire Basin. The map shows landslide locations on the hill shade map with an azimuth 
of 0 degree and an altitude of 20 degree. The model shows 137 landslides identified from the literature, image interpretation and field 
reconnaissance. 
/town 
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5.4.2. Type and morphology of landslides 
Three major types of landslide were recognised in this study: 
 shallow mudslides/flows 
 falls 
 complex landslides  
5.4.2.1. Shallow mudslides and flows  
104 shallow mudslides and flows were identified. Most landslides on inland slope of the 
study area were considered to be of a shallow, translational mechanism. Shallow landslides 
are widespread in Lytchett Matravers, Romsey, and Southampton areas. The size of 
landslides was small compared to the coastal landslide varying between 1,000-220,000 m2 
with an average of 30,000 km2. Ground features indicative of this type of movement 
includes source areas, long tracks, mud lobes, and accumulation zones recognised through 
image interpretation (see Figure 5.2. However, image interpretation was found to be 
difficult in identifying indistinct disturbed ground features that may positively indicate 
degraded shallow slides and flows without field corroboration.   
Shallow mudslides and flows typically involve the down slope movement of 
softened argillaceous soils upon discreet boundary shear surface commonly forming lobate 
or elongate forms. The initial displacement usually by sliding and commonly subsequently 
transforming to flows.  
Landslide recognition during walk over survey found that many shallow landslides 
present mere degraded, smoothed and vegetated. Recent movement of the shallow 
landslides was evident by the presence of open cracks, scarps and bulges. Seepages and 
wet ground were commonly observed at the site of the reactivated or active slides. This 
suggests that these shallow failures may be induced either directly or indirectly by 
reducing soil strength and fluctuating groundwater condition at the site.  
In the northern Isle of Wight shallow mudslides and flows commonly form part of 
large complex landslides. Features of mudslides and flows are well presented on the 
coastal slope composed of the clayey lithologies of London Clay Formation and Reading 
Formation at Whitecliff Bay and Alum Bay. The morphological features present well 
defined elongate mudslides with clear scarp, tracks, and depositional zone. Examples of 
shallow mudslides and flows are illustrated in Figure 5.5-5.13. 
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Figure 5.5 Shallow mudslides in London Clay Formation [502740 106505] near Arundel 
train station, field visit on 5 April 2010. The open cracks and scarps suggest recent 
movement at the time visited. Poorly drained and wet ground was observed at the site. The 
exposed soft clay of the London clay on steep slopes together with local groundwater 
condition presumably cause instability. Landslide width at this location was 150 m and 
length was 700 m.  The overall slope is 7.  
 
Figure 5.6 Shallow mudslides in Wittering Formation at [434023 120969] on the slope 
north of the A27 road near Spurshot House in Romsey, field visit on 25 August 2010.  
Open cracks, scarps and wet ground are presented at the site. Landslide width at this 
location was 140 m and length was 500 m. The overal slope gradient is about 9. The shear 
surface was considered to be approximately 2-3 m below ground level.  
Open cracks and scarps 
Open cracks and scarps 
Swampy and wet ground 
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Figure 5.7 Shallow mudslides in London Clay Formation at [455010 117016] near Bishops 
Waltham, field visit on 25 February 2012. The landslides were identified by the presence 
of lobate features at the toe (visible also in air-photos). Damage to the farm buildings, 
considered to be related to the landslide was observed. Landslide width at this location was 
50 m and length was 200 m. The overal slope gradient is about 7. The landslides were 
considered to be incipiently active. The shear surface was considered to be approximately 
2 m below ground level.  
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Figure 5.10 Degraded and vegetated slope at [418119 16351] near Godshill Inclosure, field 
visit on 9 July 2011. There were no indications of recent movement observed at the site. 
Spring lines are present at the interface of sand of the Poole Formation overlying the 
London Clay Formation.  
 
 
Figure 5.11 Wet ground and swampy areas on the low-gradient down slope of the London 
Clay Formation at [418119 16351] near Godshill Inclosure, field visit on 9 July 2011. The 
site is the river slope of the Millersford Bottom which is a tributary of the major Avon 
River. The slope was degraded.  
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Figure 5.12 Well defined elongate and lobate forms of shallow mudslides in the London 
Clay Formation at [463835 85863] Whitecliff Bay, Isle of Wight, field visit on 6 August 
2011. Landslide width at this location was 40 m and length was 140 m. The overal slope 
graidient is about 25. 
 
 
Figure 5.13 Mudflows of the Headon Hill Formation [464081], field visit on 28 January 
2009. The mudflows formed well defined source, track and depositional zones. The 
exposure of soft clay and marl on steep slopes coupled with saturated ground water 
condition at the site presumably led to failure. This fresh movement of the mudflows was 
observed just after rainfall at the time visited. 
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Main track 
Soft plastic clay 
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Main track
Depositional zone 
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5.4.2.2. Falls  
In the study area falls occur on steep cliffs formed of limestone or sandstones. Limestone 
bed of the Bembridge Limestone is the most prominent rock materials, but is exposed only 
9 % of the study area on the northern coast of the Isle of Wight. Limestone of the Headon 
Hill Formation is locally exposed at Headon Cliff. Sandstone may present at some level in 
sand strata of the Paleogene sequence depend on degree of cementation and composition of 
the sand strata. Due to limit exposure of rock type materials and locally recorded landslide 
occurrences, falls were considered to be relative minor landslide activities in the study 
area.  
The development of cracks behind the steep scarp and the accumulation of loose 
rock, debris or soils were observed at the site visited. The weak and incompetent nature of 
the soil and rock mass and the presence of discontinuities together with slope angle are 
presumably to be important causal factors leading to this type of failure. Falls in the 
Hampshire Basin are illustrated in Figure 5.14 and descriptions of the sites  follow: 
a. Falls of weak sandstone and sand (Bognor Sand Member) of the London Clay 
Formation [463869 85886], field visit on 6 August 2011. Fallen-sandstone blocks 
can be observed.  
b. Falls of sand strata (Portsmouth Sand Member) of the London Clay Formation 
[463861 85933], field visit on 28 January 2009. Fallen sandstone- blocks can be 
observed.  
c. Falls of sand strata of the Wittering Formation [463900 86041], field visit on 29 
June 2009. Sand debris can be observed. 
d. Falls of sand strata of Boscombe Sand Formation [412686 91330], field visit on 2 
July 2010. Sand debris can be observed. 
e. Falls of limestone beds of Bembridge Limestone Formation [464158 86303], field 
visit on 23 October 2011. Well-lithified limestone from the steep cliffs interbedded 
with clay and marls. Fallen limestone- blocks can be observed. 
f. Falls of weak fossiliferous limestone (Hatherwood Limestone Member) of Headon 
Hill Formation [431278 86334], field visit on 9 September 2009. The limestone 
beds from the steep cliff at several level. Fallen limestone-loose blocks can be seen. 
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Figure 5.14 Falls of sandstone and limestone in the Hampshire Basin.  
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5.4.2.3. Complex landslides  
33 complex landslides were identified. Most landslides on the coastal section of the study 
area were complex landslides or flows. Complex landslides are extensive especially on the 
active eroded coastal cliffs both on the mainland and on the northern Isle of Wight. The 
size of these complex landslides are larger compared to the inland landslides, varying 
between 50,000-5,420,000 m2 with an average of 85,000 km2. The active complex 
landslides present well developed morphological features indicative of landslides including 
major scarps, stepped profiles, rotated blocks, and mudflows and can be recognised clearly 
through image interpretation as showing earlier in Figure 5.3. Image interpretation proves 
useful and effective in identify active landslides.  
Mechanism of complex landslides typically involved translational slides, rotational 
slides, mudslides and flows. The slope materials appear to be a major control on type of 
movement. Bench and step profiles of complex landslides are frequently in relation to the 
presence of competent beds (sandstone siltstone, limestone). Limestone ledge platforms of 
Bembridge Limestone forming at the toe of the coastal slope in several localities in the 
northern Isle of Wight protect against basal erosion, thus preventing deep-seated slide.  
Shallow mudslides are common type on the coastal cliff subject to moderate rates of 
marine erosion partially protected by the presence of resistant beds at the toe of the slope, 
natural abandoned cliffs or artificially defended. For example, the upper part of the coastal 
slopes at Thorness Bay composed of the clayey strata of the Bembridge Marls whilst the 
lower part composed of the relatively more resistant beds of the Bembridge Limestone. As 
a result, the local geological condition at this site controls the basal marine erosion and 
thus shallow mudslides and mudflows are dominant movement. The stability of 
development and degree of complex coastal landslides varies from continuous active cliff 
to degraded slope of the ancient landslides. Examples of complex landslides of the 
Hampshire Basin are illustrated in Figure 5.15-5.19.  
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Figure 5.15 Complex landslides in Barton Clay Formation at [422068 93188], Barton Cliff, 
Barton on Sea, field visit on 1 May 2011. Major scarps, stepped profiles and wet ground 
can be observed. Shear surfaces can be seen. Landslide width at this location was 2 km and 
length was 130 m. The overal slope gradient is 13. 
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Figure 5.16. Complex landslides in Headon Hill Formation at [464158 86303] Hordel 
Cliff, Milford on Sea, observed on 6th February 2011. Scarps and bench profiles can be 
observed. The instability is widespread especially where the soft, high plasticity green 
clays of the Mammal Beds are exposed on very steep slopes. The presence of springs on 
the cliff top resulted in softening of clays and subsequent failures. Landslide width at this 
location was 40 m and length was 500 m. The major scarp is 35-45. The overal slope 
gradient is 25.  
 
Figure 5.17 Large failures of the complex landslides in the Headon Hill Formation at 
[464158 86303] Hordel Cliff, Milford on Sea, on 6th February 2011. 
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Figure 5.18 Complex coastal landslides at Headon Hill [430602 85778], on 24th July 2011. 
The cliffs composed alternating sand silts, clays with limestone beds. The limestone beds 
formed several prominent scarps on the cliff. The landslide at this location was 120 m wide 
and 160 m long. The major and minor scarps are 50-60. The overall slope gradient is 35. 
 
Figure 5.19 Poor ground conditions on the upper slope of the cliff at Headon Hill [431634 
86298], field visit on 9 September 2009.  Falls of loose limestone blocks can be observed.   
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Figure 5.20 Damaged and back-tilted trees at [431459 86155] on the head part of complex 
landslides on the top of the Headon Hill Cliff, Isle of Wight, field visit on 9 September 
2009. This was evidence of retrogressive failure at the cliff top. 
 
 
Figure 5.21 Complex landslides in Bouldnor Formation at [464475 86543] Bembridge 
Foreland, Isle of Wight, field visit on 23 October 2010. The steep cliffs composed of 
alternate layers of clay, marls, limestone (Bembridge Marls). The cliff instability was 
characterised by deep-seated translational sliding, rotational slides combined with 
mudflows. Bembridge Limestone forms ledge-platform. Landslide width at this location 
was 90 m and length was 130 m. The major scarp is 30-45. The overall slope gradient is 
20. 
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Figure 5.22 The degraded and vegetated slope of ancient complex landslides at [432088 
86666] Totland Bay, Isle of Wight. The slides were inactive at the time visited and covered 
by vegetation. 
 
 
Figure 5.23 Cliff protection damaged from landslides at [432144 86771] Totland Bay, Isle 
of Wight. Broken and bent wooden fences can be observed at the toe of the slope. This 
suggests potential reactivation landslides as a result of progressive failures of the cliff. 
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5.5. Summary of preliminary landslide investigation 
The preliminary study showed a number of significant patterns: 
 137 landslides were identified from the literature, field survey or image interpretation 
 The Hampshire Basin presents three major types of movement: shallow 
mudslides/flows, falls, and complex landslides.  
 Most landslides on the inland of the study area were of a shallow, translational 
mechanism. Field reconnaissance indicated that most of slides are small in size but 
could be characterised as shallow, planar (translational) slides with shear surface 
estimated at 1-3 m. 
 Older mudslides features are partially obscured by vegetation and modified by 
weathering and high degree of degradation and this make landslide recognition and 
identification through image interpretation difficult for this type of movement.  
 Most landslides on the coastal section of the study area were complex landslides of the 
combination of translation slide, rotational slide and flows. Most complex coastal 
landslides can be seen clearly through air photo interpretation although some ancient 
landslides partially covered by dense vegetation.  
Even without incorporation of the landslide susceptibility model into this work, it was 
considered at this stage of the investigation that this preliminary investigation 
underestimated the number of landslides in the study area. As mentioned above, it seemed 
likely that many landslides were difficult to identify, despite the availability of high quality 
data. Many landslides were likely to have been obscured by weathering, vegetation growth 
or other degradation. In addition, many slides were considered to be shallow and 
translational, so may be poorly illuminated under most conditions. 
Chapter 6 presents the development of a deterministic approach for landslide 
susceptibly analysis to improve the preliminary investigation and to solve the problem 
especially in identify shallow mudslides in the mainland section of the Hampshire Basin. 
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6. Susceptibility model and revised landslide distribution 
As stated in the initial aims, part of this research was to determine whether a combined 
approach of geotechnical modelling and image interpretation could improve the 
development of landslide models in complex heterogeneous basins. Chapter 5 described 
how conventional techniques were used to identify 137 landslides. This chapter will 
consider whether the generation of a landslide susceptibility model, based upon the new 
geotechnical model for the basin can be used to improve landslide identification. 
6.1. A review of Infinite stability analysis 
The infinite slope stability analysis is the method used to determine a shallow translational 
or plane translational movement at a shallow depth parallel to a slope that can be 
considered to have an infinitely wide radius of curvature (Whitlow, 2001; Craig, 2004). In 
this analysis, it is further assumed that the potential failure is at a depth that is small 
compared with the length of the slope and because the slope is infinite, end effects can be 
ignored.  The infinite slope stability model is based on topography features (slope) and 
material characteristics. In the infinite stability analysis, simple slope stability model can 
be simulated and considered for different conditions giving a factor of safety map. The 
quantitative determination of a landslide hazard degree then can be expressed by the factor 
of safety value (FOS) which is the ratio between the driving forces on the slope element 
that make the slope fail and the resisting forces that prevent the slope from failing. A factor 
of safety value greater than 1 indicates stable conditions, whereas a value less than 1 
indicates instability. At value equal 1 the slope is at the point of failure. Force on element 
in a slope for infinite stability analysis is illustrated in Figure 6.1. The water is taken to be 
parallel to the slope at a height of zw (0<m<1) above the failure plane. Steady seepage is 
assumed to be taking place in a direction parallel to the slope. The forces on the sides of 
any vertical slice are equal and opposite, and the stress conditions are the same at every 
point on the failure plane. 
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Figure 6.1 An element in a slope for infinite stability analysis (Whitlow, 2001) 
The forces on the element in equilibrium are: 
Weight of the element,  W = zbcos 
Normal reaction on the slip plane,  N = Wcos 
Tangential force down the slope, T = Wsin 
Pore pressure force on the slip plane, U=wzwbcos2 
The limit-equilibrium equation for the factor of safety (FOS) of the infinite slope is the 
ratio of the resisting forces on the slope element to the driving forces. The safety factor is 
calculated according the following formula:  
For limiting equilibrium:  
ܨܱܵ ൌ c ൅ ሺ െ m wሻ Z ܿ݋ݏ
ଶ tan
z sin cos  
Where: 
FOS = factor of safety 
= drained shear strength of the soil 
c = effective cohesion (kPa) 
 = effective angle of shearing resistance () 
= slope surface inclination () 
= unit weight of soil (kN/m3) 
w = unit weight of water (kN/m3)  
z= depth of failure surface below the ground surface (m) 
zw = height of water table above failure surface (m) 
m = proportion of the element thickness that is saturated= zw/z (dimensionless) 
= Wcos-U = Ntan 
= wzwcos2 
………………  (1) 
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It is usual to examine several particular cases in which the drainage conditions have effect 
on slope stability: 
 Dry condition, if the soil between the surface and the failure plane is not fully 
saturated (m=0) then: 
ܨܱܵ ൌ  tantan  
 Fully saturated condition, if the upper flow line is coincident with the ground 
surface (m=1) then: 
ܨܱܵ ൌ ሺ1 െ w ሻ 
 tan
tan  
6.2. Method 
The aim of this section is to investigate a methodology for the generation of landslide 
susceptibility at a basin scale for the Hampshire Basin. The infinite stability model is 
applied to the Hampshire Basin within the ArcGIS 10 application in order to calculate the 
spatial distribution of factor of safety values following in a number of steps: 
1. Development of gridded slope gradient model. The 5m Bluesky DTM and derived 
slope gradient model (processing results in chapter 4) was used for the slope stability 
model because this dataset provides the best coverage of the Hampshire Basin at the 
highest available spatial resolution (5 m postings). At this resolution it allows models 
to be simulated on computer with reasonable resolution and processing times for basin 
scale study of the Hampshire Basin. The inclination of the slope was calculated in 
degrees. The slope gradient model was converted to a raster format (Figure 6.2).  
2. Development of gridded geotechnical model. The geotechnical units were obtained 
from engineering classification in Chapter 3. These geotechnical datasets were 
converted from polygon features to a raster format with a pixel size of 5 m and pixel 
locations exactly the same as the elevation model (Figure 6.2). Input parameters were 
taken from the engineering stratigraphy described in Chapter 3. The range of value 
obtained from available geotechnical data was used as representative for each unit 
(Table 6.1). The minimum and maximum values of the input parameters were analysed 
to cover overestimated condition and also underestimated condition derived from the 
simulated infinite slope stability modelling. All subsets of input parameters were 
converted to a raster format which gives the value for each pixel of the input 
parameters (Table 6.1, Figure 6.3). The input parameters include: 
………………  (2) 
………………  (3) 
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a. Subsets of unit weight  () 
b. Subsets of cohesion(c) 
c. Subsets of strength parameters (), peak and residual strength value 
3. Calculation of slope stability analyses and simulation for different modelling scenarios 
(Table 6.2) using Map Algebra function within ArcGIS platform and input parameters 
as identified above. Results for different scenarios are given as series of models which 
indicate the areas where failures are most likely to occur. These numerical models were 
classified into three stability class: unstable, marginal instability (Quasi stable) and 
stable area (Table 6.3). 
4. Data validation and revision of inventory- comparison of numerical model results 
against a landslide inventory (Chapter 5) and imagery. The resulting landslide 
susceptibility model for each scenario was used as the basis for a re-interpretation of 
airborne imagery to assess whether the scenario matched the existing inventory and 
whether new areas of landslide were identified. This was repeated for each scenario 
and all new landslides were subsequently included in the inventory. 
5. Selection of the most appropriate numerical model and generation of landslide 
susceptibility model. Zonal statistics (based upon the revised inventory) were used to 
guide the selection of the model that most closely matched the revised distribution of 
landslides. As shown in the results of this chapter, this was not straightforward. 
6. Determination of relationships between landslide distributions and environmental 
factors (geotechnical unit, slope aspects and slope gradient), using zonal statistic tool 
within ArcGIS. Different datasets can be superimposed one or another to identify 
typical characteristics of a site.  
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Table 6.1 Parameters used for the infinite slope stability modelling 
Note: Geotechnical units: 1- Barton Sand, 2- Reading (sand), 3- Reading (clay), 4- Poole (clay), 5- Barton Clay, 6- Poole (sand), 7- 
London Clay (sand), 8- Bracklesham (sand), 9- Bembridge Limestone, 10- Bembridge Marls, 11- London Clay (clay), 12- Bracklesham 
(laminated), 13- Hamstead (clay), 14- Headon Hill (clay) and 15- Chalk. 
Table 6.2 Modelling scenario  
Scenario Groundwater Condition  m  z Strength parameters used 
1 Dry 0 2 Peak Strength 
2 Partially Saturated 0.5 2 Peak Strength 
3 Fully Saturated 1 2 Peak Strength 
4 Dry  0 2 Residual Strength 
5 Partially Saturated 0.5 2 Residual Strength 
6 Fully Saturated 1 2 Residual Strength 
7 Partially Saturated 0.5 2 Minimum Residual Strength 
8 Partially Saturated 0.5 1 Residual Strength 
9 Partially Saturated 0.25 4 Residual Strength 
m=proportion of the element thickness that is saturated = zw/z (dimensionless) 
zw = height of water table above failure surface (m) 
z= depth of failure surface below the ground surface (m) 
Table 6.3 Classification of factor of safety values for slope stability 
Factor of Safety (FOS) Slope stability 
<1 Unstable slope  
1<FOS<1.25  Quasi-stable slope 
>1.25  Stable slope  
 
Geotechnical 
Unit 
Area 
Unit Weight Peak strength parameters Residual strength parameters 
 (kN/m2) Cp (kPa) p ( ) cr (kPa) r ( ) 
(km2) (%) min max min max min max min max min max 
Unit 1 37.7 1.16 18.7 21.3 15 83 25.0 49.0 0 0 30.8 30.8 
Unit 2 84.9 2.62 17.3 22.9 13 16 30.0 33.0 0 2.00 32.0 36.0 
Unit 3 236.8 7.30 17.3 24.4 0 87 17.0 39.0 0 0 8.0 14.0 
Unit 4 130.1 4.01 19.2 21.8 34 62 20.0 26.0 0 0 10.0 15.0 
Unit 5 228.0 7.03 19.0 20.7 7 24 18.0 39.0 0 0 15.0 15.0 
Unit 6 230.1 7.09 19.1 21.3 0 0 35.0 35.0 0 0 35.0 35.0 
Unit 7 399.3 12.31 18.4 22.5 5 77 29.0 50.0 0 9 29.0 31.2 
Unit 8 81.5 2.51 19.1 21.3 22 38 23.0 32.0 0 0 23.3 23.3 
Unit 9 150.3 4.63 23.0 23.0 3800 4200 45.0 45.0 1 5 35.0 44.8 
Unit 10 119.6 3.69 21.0 21.0 10 25 24.0 24.0 0 8 5.9 12.0 
Unit 11 53.7 1.66 16.4 20.4 0 112 18.0 35.0 0 0 10.0 12.0 
Unit 12 796.0 24.54 16.2 23.1 0 66 17.0 32.0 0 6.00 9.0 9.0 
Unit 13 10.0 0.31 17.8 18.1 10 25 24.0 24.0 0 3.00 13.5 14.8 
Unit 14 150.4 4.64 17.6 17.6 10 25 24.0 24.0 0 2.53 6.0 17.2 
Unit 15 535.6 16.51 17.5 21.5 0 2270 37.0 37.0 0 0 34.0 34.0 
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Figure 6.2 Input raster datasets of DTM, derived slope gradient model and geotechnical 
units 
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Figure 6.3 Input raster datasets of geotechnical parameters  
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6.3. Results  
6.3.1. Sensitivity analysis of infinite slope stability model 
The infinite slope stability model was constructed and calculated from the ratio between 
the driving and resisting forces of the slope movement, called the factor of safety. 
Sensitivity analysis was carried outevaluate the relative influence of variables to the output 
model. Comparing sensitivity results to field observations of landslide occurence and 
activity, allows for appropriate selection of those factors which should be considered 
variable and those which should be considered fixed in the iterative analyses that followed. 
From the infinite slope stability modelling, results for different scenarios are given as a 
series of maps which indicate the areas where failures is most likely to occur. The factor of 
safety maps were used as an indication for slope stability. The factor of safety value near 
1.0 indicates possible slope failure or unstable zone. The various categories of factor of 
safety value were displayed as different colours ranging from red for the lowest values or 
least stable slopes to green for the highest value or most stable slopes.  
Different scenarios (Table 6.2) were simulated to determine the sensitivity analyses 
to input parameters. The model varies those parameters that have a significant effect upon 
the outcome of the slope stability analysis, for instance, strength values, to examine what 
the effects are most significant.  
Results are summarised in Table 6.4 and the factor maps for different ground 
condition are illustrated in Figure 6.4- Figure 6.6. Analyses show: 
 If peak strength is used in the analyses (scenario 1, 2, and 3), very low areas of 
landslide susceptibility are identified. For these scenarios, only those landslides on very 
steep coastal sections are routinely identified (despite the analyses being intended for 
the identification of inland slopes.). It was therefore considered that peak strength is 
not a suitable input parameter in this analysis. 
 Depth to shear surface presented little variation for the parameters chosen (1, 2 and 
4 m). The slope prone to failure calculated with different depths to the failure plane for 
a partially saturated condition (scenario 5, 8 and 9) presents slightly different results 
varying from 24.37-34.48 km2. 
 There is a considerable increase in total modelled failure areas from 34.48 km2 to 
142.15 km2, from a partially-saturated ground condition (scenario 5) to a fully saturated 
ground condition (scenario 6) with the input residual strength parameters.  
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These results suggest that there is a strong relationship between the strength parameters 
and the degree of saturation of the slope materials and the increase in possible slope 
failures in the Hampshire Basin. 
 
Table 6.4 Identification of unstable areas estimated from slope instability modelling 
 
 
 
 
 
 
 
 
 
Modelling Scenario Estimated potential slope failure 
 
strength parameter 
used 
groundwater 
condition m z FOS Slope stability 
Areas 
(km2) 
1 Peak strength Dry 0.00 2.00 < 1 unstable 1.27 
1- 1.25 quasi stable 1.20 
>1.25 Stable 3157.16 
2 Peak strength Partially- saturated 0.50 2.00 < 1 unstable 0.52 
1- 1.25 quasi stable 0.67 
>1.25 Stable 3158.44 
3 Peak strength Fully saturated 1.00 2.00 < 1 unstable 10.36 
1- 1.25 quasi stable 10.13 
>1.25 Stable 3139.14 
4 Residual strength Dry 0.00 2.00 < 1 unstable 10.85 
1- 1.25 quasi stable 11.10 
>1.25 Stable 3137.68 
5 Residual strength Partially- saturated 0.50 2.00 < 1 unstable 16.67 
1- 1.25 quasi stable 17.81 
>1.25 Stable 3125.15 
6 Residual strength Fully saturated 1.00 2.00 < 1 unstable 76.56 
1- 1.25 quasi stable 65.59 
>1.25 Stable 3017.47 
7 Residual strength 
(minimum value) 
Partially- saturated 0.50 2.00 < 1 unstable 89.30 
1- 1.25 quasi stable 64.90 
>1.25 Stable 3005.42 
8 Residual strength Partially- saturated 0.50 1.00 < 1 unstable 15.71 
1- 1.25 quasi stable 16.91 
>1.25 Stable 3127.01 
9 Residual strength Partially- saturated 0.25 4.00 < 1 unstable 11.71 
1- 1.25 quasi stable 12.66 
>1.25 Stable 3135.25 
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Figure 6.4 Susceptibility model derived from slope stability modelling for scenario 1, 2 
and 3. 
 
 
FACTOR OF SAFETY 
 
 
FACTOR OF SAFETY
FACTOR OF SAFETY 
Scenario 1 
Dry condition 
m=0, z=2, p 
Scenario 2 
Partially saturated 
 m=0.5, z=2, p 
Scenario 3 
Fully saturated 
 m=1, z=2, p 
181 
 
 
 
 
Figure 6.5 Susceptibility model derived from slope stability modelling for scenario 4, 5 
and 6. 
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Figure 6.6 Susceptibility model derived from slope stability modelling for scenario 7, 8 
and 9. 
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6.3.2. Validation and scenario selection for final model 
The landslide susceptibility model was validated by comparison with mapped landslides in 
the revised inventory and field surveys. Initially, zonal statistics were used to identify 
correlation between the total areas of landslides within the revised inventory (16.33 km2). 
As shown in Table 6.5, these analyses only met with partial success. The table shows that 
for instance, in Scenario 1, 1.27 km2 was identified with a factor of safety less than 1. 
Within this area, only 0.2 km2 was coincident with mapped landslides. Thus the model 
failed to identify over 15 km2 of landslides known to exist, considering all but 2.47 km2 to 
be in a stable condition.  
However these statistics only give a partial consideration of the model use. It was 
found that the model was highly effective when considered as a filter for areas in which 
manual interpretation could be carried out. Scenario 7, for instance identified 9.02 km2 of 
the basin as having high to very high susceptibility. By contrast to this is that 7.31 km2 
were not identified. Statistically this is still a relatively weak correlation (though in line 
with other regional models). It is important to note that when examined, the areas of high 
landslide susceptibility identified within the 9.02 km2 often ‘expanded’ to form a polygon. 
Thus, the susceptibility model was, in practice found to be an excellent tool for the partial 
identification of landslides, but that very often, these areas were enlarged onto low angled 
ground to complete a landslide polygon during image re-interpretation. Although the 
statistical relationship might be improved, for instance by buffering the susceptible zones, 
it was considered inappropriate here as that would almost certainly lead to the 
‘identification’ of landslides on areas upslope and across slope from actual failures and 
could lead to a gross overestimation of landslide area. This relationship is illustrated in 
Figure 6.7 which shows how the Windmill Farm landslide is indicated by a clear shape in 
the susceptibility model, but that the polygon drawn by image and field interpretation far 
exceeds this area. 
Bearing this in mind, Scenario 7, with 2 m depth, partial saturation and minimum 
residual strength was considered the best model. This was on the basis that it was the most 
reliable guide during image re-interpretation combined with the highest correlation 
(55.23%) between mapped landslides and areas of moderate to high instability.  
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Table 6.5 Results of zonal analyses to compare the areas of each landslide susceptibility 
category identified by the numerical model for each scenario, with the area of actual 
mapped landslide which correlated with the zones of modelled susceptibility 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results show that the mapped landslides obtained from image-interpretation and field 
investigation correlates well with the chosen landslide susceptibility map. The validation of 
air-photo re-interpretation is illustrated in Figure 6.7-6.9 and more in appendix D.  
The landslide susceptibility model mean of potential slope failure considered for 
partially saturated ground condition with minimum shear strength characteristics of the 
slope materials is shown in Figure 6.10. 
Although the susceptibility model was of limited use as a direct mapping tool it was 
very useful in the identification of areas that should be reconsidered in image 
interpretation. As a result, 292 further landslides were added to the inventory resulting in 
total 429 landslides identified in the study area (Figure 6.11).  
Scenario Factor of safety Areas (km2) Mapped landslide areas  (km2) 
1 < 1 1.27 0.21 
1- 1.25 1.20 0.24 
>1.25 3157.16 15.88 
2 < 1 0.52 0.05 
1- 1.25 0.67 0.03 
>1.25 3158.44 16.25 
3 < 1 10.36 1.57 
1- 1.25 10.13 0.65 
>1.25 3139.14 14.11 
4 < 1 10.85 1.31 
1- 1.25 11.10 1.14 
>1.25 3137.68 13.88 
5 < 1 16.67 1.53 
1- 1.25 17.81 1.58 
>1.25 3125.15 13.22 
6 < 1 76.56 6.14 
1- 1.25 65.59 1.90 
>1.25 3017.47 8.29 
7 < 1 89.30 6.54 
1- 1.25 64.90 2.48 
>1.25 3005.42 7.31 
8 < 1 15.71 1.27 
1- 1.25 16.91 1.33 
>1.25 3127.01 13.73 
9 < 1 11.71 1.26 
1- 1.25 12.66 1.25 
>1.25 3135.25 13.82 
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Figure 6.7 Landslide near Windmill Barrow Farm in the London Clay Formation. Initial 
field reconnaissance and image interpretation failed to identify this as a landslide; 
however, a revised interpretation following identification from the susceptibility model 
verified this as a landslide. 
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Figure 6.8 Confirmation of a landslide at Arundel Train Station identified by the initial 
landslide inventory and by the susceptibility modelling. False reporting of landslide 
susceptibility of the numerical model is seen to the SW of this slide. This is due to over 
steepened terrain in an engineered embankment considered here to be an artefact (reflect 
constraints of the quality of the BlueskyDTM used). 
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Figure 6.9 Landslide identification at Bishops Waltham Thicket in the London Clay 
Formation. This landslide was not identified during the initial landslide survey but was 
identified after the area was highlighted by the numerical model. Initially the area was 
considered as landscaped ground. 
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Figure 6.10 Landslide susceptibility map modified from safety factor maps. Factor of safety values of less than 1.0 are categorized as “very 
high”, 1.0-1.5 as “high”, 1.5-2.0 as “moderately high”, 2.0-3.0 as “moderate” and, >3.0 as “low”. 
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Figure 6.11 Revised landslide inventory map. The map presented mapped landslides overlying the hill shade map with an azimuth of 0 degree 
and an altitude of 20°. This revised model describes 429 landslides as compared to the 137 identified without the use of the susceptibility 
model. 
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6.3.3. Landslide susceptibility analyses 
The revised landslide inventory provides a database for geo-statistical analysis. The 
distribution of mapped landslides was studied together with the environmental factors 
including geotechnical unit, slope gradient and slope aspect categories in order to 
determine typical slope susceptible to instability. Following, D’Amato Avanzi, 
Giannecchini, and Puccinelli (2004), the number of landslides in each category and the 
respective landslide index were calculated. The landslide index is a simple normalized 
measure that represents the percentage ratio between landslide area in each category and 
the total surface of each category. 
6.3.3.1. Landslide-slope gradient relationships 
Landslide frequency distribution with slope gradient was analysed using zonal histogram 
tool (spatial analyst) provided in ArcMap. A zonal histogram tool enables work to 
investigate the frequency distribution of cell values of landslide distribution within each 
slope category. Slope gradient was classified into five categories: nearly level (0-2), low-
angle slope (2-8), gentle slope (8-15), steep slope (15-35), and very steep slope (>35). 
It has been found that the majority of inland landslides (53.04 % of mapped inland 
landslides) fall in the 2-8 degrees slope class and the majority of coastal landslides 
(42.23 % of mapped coastal landslides) fall within the 15-35 degrees slope class. The 8-15 
degree slope class cover an area of about 5.63 % of the study area but include 28.25 % of 
inland landslides giving the highest landslide index for inland landslides. The 35-87 degree 
slope class cover an area of about 0.03 % of the study area but include 2.72 % of coastal 
landslides giving the highest landslide index for coastal landslides. 
6.3.3.2.  Landslide-slope aspect relationships 
The correlation between landslide areas and slope aspect was analysed (Figure 6.13). 
Slopes facing south, southeast, and southwest are most widespread slope facet, occupying 
43.08 % of the area and including 36.64 % of the mapped landslides. The landslide index 
(Figure 6.14) is high for the slope facing north, northeast and northwest which include 
14.95 % and 7.78 % of the mapped landslides, respectively. This relationship demonstrates 
the significant proportion of landslide area on the coastline in the northern Isle of Wight. 
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a) Inland landslides 
 
 
 
 
 
 
 
 
 
b) Coastal landslides 
 
 
 
 
 
 
 
 
Figure 6.12 Landslide frequency distribution with slope gradient: a) Inland landslides and 
b) coastal landslides.  
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Figure 6.13 Spatial distribution of landslide areas compared to slope aspect. Landslides occurring on flat aspects comprise elements of 
landslides occurring on steeper slopes. 
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Figure 6.14 Landslide index for slope aspect 
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6.3.3.3. Landslide-Lithology relationships 
The correlation between landslide areas and geotechnical units was analysed (Table 6.6 and 
Figure 6.15). The geotechnical units of the Hampshire Basin were grouped into 14 classes 
(Chapter 3). Analyses demonstrate that geotechnical unit is a significant parameter for the 
distribution of landslides in the study area. Landslides involve almost exclusively fine 
grained soils. The London Clay is the most extensive clay strata with an area of about 536 
km2 (16.51 % of the total study area). The Poole Sand is the most extensive sandy strata with 
an area of about 400 km2 (12.31 %). Distribution analysis shows that the mapped landslides 
are most closely associated with the clayey strata of the Headon Hill Formation (32.34 %) 
and London Clay Formation (26.12 %). The landslide index is very high for the Headon Hill 
Formation which covers 9.67 % of the study area, but this is likely to reflect the propensity 
for failure on the coastal exposures where the entire exposure is subject to landslides (Figure 
6.16).  
Table 6.6 Spatial distribution of landslide areas compared to geotechnical units 
Unit Geological Formation Surface 
Geology 
Exposure 
Areas (km2) 
Mapped landslide 
area within Formation 
exposure (km2) 
Landslide index 
1 Barton Sand 228 0.93 0.41 
2 Reading (Sand) 37.7 0.07 0.19 
3 Reading (Clay) 150.3 0.45 0.30 
4 Poole  (Clay) 119.6 0.53 0.44 
5 Barton Clay 130.1 1.48 1.14 
6 Poole (Sand) 399.3 0.54 0.14 
7 London Clay (Sand) 81.5 0.1 0.12 
8 Bracklesham (Sand) 150.4 0.13 0.09 
9 Bembridge Limestone (rock) 10 0.1 1.00 
10 Bembridge Marls 53.7 0.63 1.17 
11 London Clay (Clay) 535.6 4.28 0.80 
12 Bracklesham (Laminated) 230.1 0.94 0.41 
13 Hamstead (Clay) 84.9 0.79 0.93 
14 Headon Hill (Clay) 236.8 5.3 2.24 
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Figure 6.15 Spatial distribution of landslide areas compared to geotechnical units of the Hampshire Basin. Geotechnical units includes 14 
groups: 1- Barton Sand, 2- Reading (sand), 3- Reading (clay), 4- Poole (clay), 5- Barton Clay, 6- Poole (sand), 7- London Clay (sand), 8- 
Bracklesham (sand), 9- Bembridge Limestone, 10- Bembridge Marls, 11- London Clay (clay), 12- Bracklesham (laminated), 13- Hamstead 
(clay), 14- Headon Hill (clay).  
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Figure 6.16 Landslide index for geotechnical units. Geotechnical units includes 15 groups: 1- Barton Sand, 2- Reading (sand), 3- Reading 
(clay), 4- Poole (clay), 5- Barton Clay, 6- Poole (sand), 7- London Clay (sand), 8- Bracklesham (sand), 9- Bembridge Limestone, 10- 
Bembridge Marls, 11- London Clay (clay), 12- Bracklesham (laminated), 13- Hamstead (clay), 14- Headon Hill (clay) 
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7. Discussion 
7.1. Engineering stratigraphy and distribution of geotechnical 
properties in the study area 
To achieve the aims of this study it was required to develop a new engineering stratigraphy 
and geology model for the Paleogene of the Hampshire Basin (Chapter 3, Table 3.14). This 
was because the existing stratigraphy of this succession did not represent the engineering 
and landslide behaviour observed across the region. It was not possible to simply populate 
the existing stratigraphic model with geotechnical data as the existing stratigraphy is too 
complex, and also fails to recognize heterogeneous geotechnical characteristics at member 
and formation level. 
The new stratigraphy is considered by the author to be a good representation of 
what is found in the basin. However, it is necessary to demonstrate in a more objective 
manner, whether this is the case. For a true evaluation of the model it would be necessary 
to carry out geotechnical testing of different formations in different locations to establish 
real values or else to retain a blind test dataset to evaluate the model. 
However, for a regional scale study with a heterogeneous succession such a testing 
procedure is impractical. It was necessary therefore to validate the data by other means. 
Thierry et al. (2009) demonstrated that for an area of Paris with similar heterogeneity (21 
lithological units) but much better borehole control, it was reasonable to validate a 
geotechnical model using existing knowledge of ground behaviour. In their case, they used 
the knowledge of subsidence events accumulated by the Parisian government.  
It is proposed here that the test of whether the geotechnical stratigraphy is correct 
should be whether it forms a valid input to a landslide model. If a landslide model created 
from image interpretation and field checking is found to be valid, it must follow that the 
engineering input was also valid. This validation technique is more normally applied to 
seismically active regions, where earthquake events can be used to ‘test’ previous 
susceptibility models and hence the validity of their inputs (for instance Kamp et al. 2010). 
The landslide modelling/validation process (Chapters 5 and 6) fulfills this requirement.  
The new engineering stratigraphy (Table 3.14) was used to generate a geotechnical 
model of the basin. This geotechnical model formed a core element of slope stability 
analyses across the basin. The slope stability model was validated by image interpretation 
of landslides and found to be a good representation of reality. Thus, the engineering 
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stratigraphy is considered to be a reasonable representation of the Paleogene sediments in 
the study area.  
Although not entirely objective, this seems to be an appropriate approach for 
studies such as this which consider geotechnical and landslide behaviour at such broad 
scales and within heterogeneous successions. The analysis relies upon the subjective 
judgement of the investigator, both in terms of landslide identification and geotechnical 
characterization. However, at each stage great care was taken to ensure that observations 
were valid. 
Chapter 3 demonstrated that engineering behaviour of lithologies within the 
Paleogene succession is strongly controlled by stratigraphy and that detailed stratigraphic 
knowledge is key to understanding the geotechnical variation across the basin. This is fully 
in support of previous key research in this area (by Burnett and Fookes; 1974; Hight et al., 
2007; and Jones and Terrington, 2011). This is an important point for future studies. A 
large proportion of the work described in this thesis was concerned with familiarization 
with the stratigraphy and distribution of the Paleogene succession. This step was necessary 
in order to develop the resulting engineering and landslide models. It is suggested here, 
that for similar studies, it is important to understand firstly the stratigraphy of the 
succession, then the engineering behaviour of stratigraphic units prior to the collation of 
geotechnical data. In the UK, this approach is most applicable to the London Basin where a 
similar succession is present.  
At the outset of this project it was considered whether a new geotechnical model of 
the basin would inform studies of basin evolution. At this stage it was not known which 
method would be employed to create the engineering model. As the proposed model is 
fundamentally based upon stratigraphy, it cannot be used to inform the stratigraphic model.  
7.2. Distribution of landslides in the study area 
As described in Chapters 5 and 6, potential 429 landslides have been identified in the study 
area (Appendix D). This is a threefold increase in the number of reported landslides. 
Nearly all of these new records involve landslides on the inland area of the mainland. It is 
difficult to ascribe a precise number to the previously known number of landslides as there 
is considerable duplication and overlap of landslide events, deposits and other descriptions 
between BGS, academic, councils and consultancy reports (Table 5.7). However, it is 
known that there are 43 mapped BGS landslide deposit polygons, 145 records in the BGS 
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National Landslide Database and at least 5 consultancy reports which detail landslides not 
in either of those datasets. 
Landslides were identified from the use of a numerical slope stability model and 
image interpretation. Comparison between the distributions of these landslides (Figure 
6.11), the terrain classification (Figure 4.13) and engineering geology model (Figure 3.42) 
enable the identification of 5 landslide terrains which contain the majority of landslides. 
For all terrains, there are a number of similar patterns. Landslides occur on steeper slopes 
(whatever the slope origin) and are associated with clay dominated lithologies. 
A. Hampshire Basin West. 106 predominantly shallow translational mudslides. These 
are associated with ground terrain B1 (0-30° gradient) within London Clay Formation 
and Reading Formation and partially in Poole Formation. These landslides are 
associated with topographic ridges north and south of the River Frome Catchment 
(Poole Harbour). The Southern limb of this catchment comprising Poole Formation 
(clay facies) forms part of the Purbeck Monocline. The northern limb is not considered 
to represent a tectonic origin but is a ridge formed by the London Clay Formation and 
Reading Formation (both clay facies). 
B. Hampshire Basin Central. 99 shallow landslides associated with valley and river 
slope incisions. 
(i) In the north of the landslide terrain, landslides are associated with the London 
Clay Formation (clay facies) at the upperslope of the sub-catchment Black 
River (Terrain unit D1). These landslides are in relatively competent materials 
but are strongly controlled by fluvial downcutting. 
(ii) In the central part of this landslide terrain, landslides occur in the Headon Hill 
Formation and Barton Clay Formation (both clay facies) in terrain unit B2, 
incised by the Rivers Lymington and Beaulieu. These landslides are in 
relatively competent materials but are strongly controlled by fluvial 
downcutting. 
(iii) In the south of this landslide terrain, landslides are associated with the Headon 
Hill Formation (Terrain Unit D2). Landslides here are influenced by 
downcutting but are in weaker materials than (i) and (ii). 
C. Hampshire Basin East. 163 shallow translational landslides associated with the 
London Clay Formation, Reading Formation (both clay facies) and the Wittering 
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Formation and Marsh Farm Formation (both laminated facies). These are controlled by 
the presence of steep gradients related to the Portsdown Anticline (Terrain unit H). 
D. Northern Isle of Wight. 22 mapped shallow translational landslides associated with 
the clay terrain of the Headon Hill Formation and Bouldnor Formation on the northern 
part of the Isle of Wight. 
E. Complex landslides. 39 mapped landslides associated with the coastal clay terrain of 
Barton Clay Formation and Headon Hill Formation on the mainland (Terrain I2) and 
coastal clay terrain of the Headon Hill Formation on the Isle of Wight (Terrain J). 
These are controlled by coastal erosion. 
7.3. Importance of these results to other areas 
It is worthwhile considering why so many new landslides were identified in this study. It 
was seen that during the initial image interpretation process, even after literature review 
and field orientation/ image interpretation training with an experienced geomorphologist 
that most of these landslides were not recorded. It is considered here that the reason for the 
limitation to identify landslides was because most of the newly identified landslides were 
of the shallow translational type and was in arable land, often with woodland margins. 
Even with high quality, 3D imagery many landslides were very difficult to identify.  
The improvement in the recognition of potential landslides following the generation 
of the landslide susceptibility model was significant and has implications for other studies 
in similar terrains. The addition of corroborating evidence for landslide susceptibility 
meant that specific locations could be identified which required detailed observation. As 
shown in Chapter 5, the susceptibility model was not used to determine landslide 
boundaries but was a very useful tool to focus work and enable the manual drawing of 
landslide boundary.  
An important recommendation from this work, is that a geotechnical/slope stability 
model should be carried out alongside (if not before) image analyses/air-photo 
interpretation. It is recognised that this is a single case study, but the increase in the 
numbers of landslides identified indicate that this is an important area for which landslide 
investigation methodologies could benefit.  
This has implications for the identification of landslides in similar terrains. The 
approach developed in this study would apply to other areas covered by complex 
stratigraphical sequences in similar ground conditions and depositional environments. The 
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obvious candidate for a comparative study would be the London Basin. Of course the 
engineering stratigraphy would need modification, and as shown by Burnett and Fookes 
(1974), variations across the much larger London Basin would need to be taken into 
account. However, there are some important implications of the increase in the number of 
identified landslides in this study. For instance, the London Clay landslide index of 0.8 
indicates that for every square km of London Clay Formation exposed, there may on 
average be 0.008 km2 (8000 m2) of landslides. Following the identification of Burnett and 
Fookes (1974), supported by Jones and Terrington (2010) that the volume change potential 
for the London Clay increases eastwards, it might be expected that the potential for 
landslide occurrences might also increase. It is outside the scope of this work to consider 
the London Basin in detail, but this could indicate that the number of landslides that remain 
unidentified in the London Basin is high. 
7.4. Evaluation of technique and study limitations 
The scientific limitations on this study have been the lack of geotechnical data across the 
basin (both spatially and in terms of stratigraphy) and the reliance upon the infinite slope 
method within a GIS to create a landslide model. The advantages and disadvantages of the 
GIS-based infinite slope stability modelling applied to a landslide assessment are 
summarised in Table 7.1. It is important to address the data availability question and justify 
the conclusions of this study. The geotechnical data for this research were based upon an 
extensive search for available geotechnical data from a range of sources. This included 
4805 BGS data records, 18 new BGS geotechnical test suites, 18 detailed consultancy 
reports, published literature and field investigation by the author of 8 key sites. Although it 
is difficult to say that this is absolutely enough, it was enough in the view of the author and 
the supervisory team, enough information to characterise lithology in the basin within the 3 
years of this project.  
It is also useful to note that three key researches on the geotechnical properties of 
Paleogene strata (Burnett and Fookes, 1974, Jones and Terrington, 2010 and King 2006), 
as well as other studies from the London Basin indicate that it is critical to identify the 
relationship between stratigraphy and geotechnics rather than model geotechnical data on 
their own. Although it would have been useful to obtain more data, it is demonstrated in 
Chapter 3 that the data that has been collected is sufficient to characterise all units present 
and to develop a robust engineering stratigraphy. It is considered here that if more data 
were collected it would corroborate the existing dataset rather than change it.
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Table 7.1 Advantages and disadvantages of the GIS-based infinite slope stability modelling applied to a landslide assessment 
Advantages Disadvantages 
 Slope stability calculation, spatial analysis, simulation and modelling can 
be processed on a pixel or raster basis providing semi quantitative 
approach for landslide susceptibility analysis.  
 Few inputs required and can be incorporated into an iterative process 
(based upon heuristic analysis). 
 Entire stability calculation can be easily performed inside the GIS 
application. Within GIS-platform database and inputs can be computable, 
repeatable, and easily adaptable.  
  Possibility of adding factors as conditions change and new causal factors 
become significant. 
 The deterministic calculations for the infinite stability model can be 
applied on basin scale study for the whole area of the Hampshire Basin 
with large number of datasets.  Although limited by the size and for very 
local site, this method proves useful to identify areas susceptible to 
landslides.   
 
 For infinite stability model simple translational failures are only considered 
and the effects of curvature at the extreme top and bottom of the slope are 
ignored. This leads to a conservative result for laterally straight or concave 
slopes, but may overestimate stability along convex curves and corners.  
 Geotechnical parameters used only as representative unit due to data 
availability and the scale of the study. The slope forming material is far more 
heterogeneous and anisotropic in nature than what has been considered in slope 
stability modelling on basin scale. A local site study, therefore, requires more 
data on geotechnical parameters and/or higher depth to length ratios of 
individual failures might have overestimated the factor of safety values. 
 The accuracy of the model depends upon the quality of DTM. Examples of 
problems that can be found are some artefacts due to incompletely removed 
during the process of converting DSM to DTM of The Bluesky ground 
elevation model datasets. 
 The derived slope stability indicates the probability of slope failure rather than 
the actual landslide hazard. The instability model mode may not always be true 
for all the domains of the landslides (i.e.  Multiple rotational landslides) and 
the infinite stability analysis alone may be inadequate if the slope fails by 
complex mechanisms (i.e. progressive creep, internal deformation and brittle 
fracture, weathering).  
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8. Conclusion 
8.1. Study hypothesis  
This thesis set out to determine the distribution of landslides and geotechnical properties 
within the Hampshire Basin. Returning to the hypothesis and aims posted at the beginning 
of this study: 
The distribution and nature of landsliding within heterogeneous Paleogene 
sediments of the Hampshire Basin is controlled by spatial variations in engineering 
characteristics of key geological units susceptible to slope instability in this region 
It is proposed that this hypothesis is supported by this research.  
8.2. Research objectives 
Identify, characterise and map landslide occurrences in Paleogene sediments of the 
Hampshire Basin 
Collate existing and new landslide information within a new database compatible with the 
British Geological Survey, National Landslide Database. 
 429 landslides have been identified from the literature, field survey and image 
interpretation. The image interpretation was greatly enhanced by the application of the 
landslide susceptibility model based upon a new engineering stratigraphy. The 
Hampshire Basin presents three major types of movement: shallow mudslides/flows, 
falls, and complex landslides. Most landslides on the inland of the study area were of a 
shallow, translational mechanism. Landslide terrains could be identified.  
 All landslide information has been collected as ArcGIS polygons attributed with 
positional and descriptive data compatible with the BGS National Landslide Database. 
All landslide information collated during this study will be deposited with the BGS 
upon completion. 
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Collate available geological and geotechnical data on the Paleogene strata across the 
Hampshire Basin, including examination of available exposures. 
 Available geological and geotechnical data on the Paleogene strata across the 
Hampshire Basin were collated and interpreted form examination of available 
exposures to produce a unified geological and litho-stratigraphical model. A new 
geotechnical stratigraphy has been developed and validated by reference to a slope 
stability model, subsequent image interpretation and field validation. 
Create models to examine the spatial distribution of landsliding and geotechnical properties 
of the Paleogene strata in the Hampshire Basin  
 A new geotechnical model has been produced based upon a new engineering 
stratigraphy of study area.  
 An infinite slope stability model was developed to determine basin-wide landslide 
susceptibility. The landslide susceptibility model was validated by comparison with a 
mapping (field mapping and image analyses) process that included the development of 
a revised inventory. Although, the susceptibility model only met with partial success, 
the model was highly effective when considered as a filter for areas in which manual 
interpretation could be carried out. The susceptibility model was in practice found to be 
an excellent tool for the partial identification of locating potential landslides. As a 
result, 292 further landslides were added to the inventory giving a total of 429 
landslides in the study area.  
8.3. Key findings in support of the hypothesis: 
The Hampshire Basin presented an opportunity to develop new knowledge of the 
geotechnical and landslide characteristics of a complex sequence of Paleogene sediments 
in terrain normally considered to have limited association with landslide activity. This 
thesis developed new research that investigated these areas of knowledge and developed 
basic scientific principles that are applicable to studies elsewhere.  
 A new engineering stratigraphy for the Paleogene Strata of the Hampshire Basin has 
been constructed. 
 A new landslide model for the Paleogene of the Hampshire Basin has been constructed. 
 It is demonstrated that, for a heterogeneous sedimentary basin, it is appropriate to 
develop models based upon a geotechnical stratigraphy.  
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 For this study it was possible to validate the model by incorporating it within a slope 
stability model and validating that using conventional landslide mapping techniques. 
This may have important implications for similar studies elsewhere. 
 The most important limitation of this study lies in the fact that the slope stability 
modelling indicates the probability of slope failure rather than the actual landslide 
hazard and that the model will not always be true for all mechanisms of the landslides 
(i.e. multiple rotational landslides). The infinite slope stability analysis may be 
inadequate to represent complex failure mechanisms (i.e. progressive creep, internal 
deformation and brittle fracture, weathering).  
8.4. Further work 
This research raises many interesting scientific questions that could form the basis for 
further research. 
 This study demonstrated that it is useful to investigate geological units at Group and 
Formation level for a basin scale study. From the literature review and from field 
investigation, it was apparent that in particular circumstances, especially for coastal 
sections, that certain beds could strongly influence landslide behaviour. For instance, 
Zone D within the Barton Clay Formation or lignitic bands in Wittering Formation. 
Whilst it is suggested here that these are not important at a basin scale (and would be 
near impossible to identify), these local conditions could be incorporated into higher 
resolution, local models of specific areas. These models could examine whether the 
method developed here could be used at a higher resolution, for instance to investigate 
ground movements in the London Clay Formation in Southampton and Portsmouth 
areas. This work could also investigate for instance whether landslide occurrences 
controlled by local variations in potential swelling clay within this formation.  
 It would be useful to test the methodology developed here in the London Basin. This 
would develop an improved understanding of the landslide distribution in the London 
Basin, the first time this would have been carried out. This would also be a good 
opportunity to develop the fundamental understanding of the geotechnical properties of 
the London Basin outside of the well studied London Clay and Lambeth Groups.  
 As might be expected, it would also be very interesting to examine in great detail all 
landslides in the region to determine, for instance whether different landslide terrains 
could be linked (by back-analysis or dating techniques) to different triggering.  
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Appendix A: Nomenclature and stratigraphy  
Previous nomenclature for the Paleogene sequences of the eastern Hampshire Basin 
(Edwards and Freshney, 1987b, p.44)
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Previous nomenclature for the Paleogene sequences of the western Hampshire Basin 
(Edwards and Freshney, 1987b, p.45) 
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Proposed and former stratigraphical subdivision and nomenclatures of the Solent Group 
(Insole and Daley, 1985, p.68) 
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Appendix B: Geotechnical analysis  
Soil samples were taken from the Highcliffe mudslides (of the Barton Clay formation (SZ 220931), about 1 m below 
the shear surface (Zone C/D). Three tests were performed based on British standard (BS 1377, 1990)  including 1) 
Moisture content, Liquid Limit and Plastic Limit test (BS1377: Part 2), 2) Small Shear Box Test (BS1377: Part 7-
Test 4) and 3) Undrained Triaxial Compression Test (BS1377: Part 8).)  
 
Sampling Strategy 
1) Moisture content, plastic limit and liquid limit testing: For this test, about 500 Kg soil samples were collected 
from the field and placed into plastic bags.  To determine moisture content, take a sample at least 30 g of the soil 
sample.  To determine liquid limit take a sample of about 300 g. Any coarse particles were removed by hand. To 
determine plastic limit, take a sample of about 20 g from the soil paste prepared and then divided the sample into 
two subsamples of about 10 g each and carry out a separate determination on each portion.  
2) Small shear box text: For this test, specimens were obtained from block samples.  Undisturbed specimens of the 
cohesive soil (the Barton Clay formation) were prepared by using the square specimen cutter (about 60x60x30 mm3) 
from a block sample. Then the specimen was transferred to the shear box, ready for the test. Three specimens were 
prepared for three different normal pressures, (100, 200, 300 KPa). 
3) Undrained triaxial compression testing: Three cylindrical specimens were extruded from sampling tubes (38 mm 
diameter) by the extruder into the split moulds. Then, the specimens were trimmed the ends flat with a sharp knife to 
a right cylinder having a height: diameter ratio of 2:1 (38x76 mm). Three specimens were prepared for three 
different confining cell pressure (50, 100, 150 KPa). 
 
 
Location of soil sampling (SZ 220931) were taken at about 1 m below the shear surface (Zone C/D)  
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Determination of moisture content, liquid Limit and plastic Limit test 
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Plasticity Chart for the British Soil Classification System (BS5930) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cone penetrometer for liquid limit test and determination of the plastic limit 
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SMALL SHEARBOX TEST 
 
Determination of shear strength by direct shear (Small Shear box Apparatus) 
 
 
Failure after test of a different normal pressures (100, 200, and 300 kPa). The presence of fragments of fossils within 
the samples particularly within the zone of shear can be attributed to invalidate results. For example, stress-strain 
curve of the 200 kPa test shows unusual increasing in shear stress and a small peak. 
 
Table The peak shear stress and the ultimate shear stress of the 4 specimens. 
Specimen 
No. 
Normal stress 
(kPa) 
Particle 
density 
(Mg/m3) 
Moisture content (%) Peak shear 
stress 
(kPa) 
The ultimate shear 
stress 
(kPa) Initially After test 
1 100 2.02 18.92 25.85 93.8 47.8 
2 100B    80.7 53.1 
3 200 2.29 18.27 22.88 127.4 86.7 
4 300 2.03 - 22.96 159.8 121.7 
Noted: 100 and 100 B were tested at the same normal stress at 100 kPa to verify and compare between two shear 
box apparatus. 
100 kPa 200 kPa 300 kPa 
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Shear stress against horizontal displacement of a different normal pressures (100, 100B, 200, and 300 kPa). The 
stress curve rises sharply reaching a peak and then fall to lower but not residual, suggesting dilatancy of the clays. 
 
 
The diagraph plots vertical displacement against horizontal displacement of the 4 specimens. An increase in the 
vertical displacement suggests expansion or dilatancy of the clays. 
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The peak shear stress plotted against normal stress and the best straight line drawn through the points to give the 
peak strength envelope. The peak strength parameters measured from the plot are: 
Apparent cohesion C= 60 kPa   Peak angel of friction ׳p = 18°. 
 
 
TRIAXIAL COMPRESSION TEST 
Determination of the undrained shear strength in triaxial compression without measurement of pore water pressure 
        
Testing under a three different confining cell pressure (50, 100, and 150 kN/m2).  Clays failed along well-define 
shear surface, representing a brittle failure.  
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The maximum deviator stress at failure 
Specimen 
No. 
Cell 
pressure  
3 
(kN/m2) 
 
 
1  
(kN/m2) 
 
The maximum 
deviator stress  at 
failure  
(1-3) 
(kN/m2) 
Moisture Content 
(%) 
Bulk 
Density 
(Mg/m3) 
 
Cu 
(1-3)/2 
 Initially After Test 
1 50 513.3 463.3 23.1 20.8 2.12 231.7 
2 100 589.1 489.1 19.0 23.10 2.06 244.6 
3 150 905.3 755.3 19.4 20.9 2.06 377.7 
 
 
 
Strain versus deviator stress under a three different confining cell pressure (50, 100, and 150 kN/m2).  
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 Mohr circle’s for each of the 3 specimens at failure.  
 Moisture 
content 
Liquid 
limit 
Plastic 
limit 
 Strength  Parameter 
Undrained triaxial 
Compression  strength 
Shear box test 
Peak strength 
Barton Clay 18-23 % 58.5 23.42 Cu = 238 kPa   C= 60 kPa,  ׳=18° 
 
- From the plasticity chart the soil sample would be described as clay of high plasticity. The moisture content of the 
soil sample (18-23 %) falls in the range of the typical moisture content of the overconsolidated clay of high 
plasticity (20-40 %) given by Barnes (2000) which is considerably less than those of the normal consolidated clay of 
high moisture content (50-90%). This, also, agrees with Barton (1973) who defined the Barton clay as fissured over-
consolidated clay.   
- The shear box test also confirms that the sample behaves as stiff overconsolidated clay. The shear stress curve 
shows peak strength at a small displacement, representing dilatant behaviour of the sample. The peak then falls to 
lower strength and undergoes strain softening but does not reach residual strength.  The results suggest a typical 
stress-strain curve of overconsolidated clays.  This clearly contrasts to the typical stress-strain curve of soft normally 
consolidated clays which display contracting and show much lower stress and strain levels without a peak. It has 
been suggested that dilatancy in stiff overconsolidated clays would be due to expansion of the mineral grain 
structure as more stress is needed to achieve further strain (Barnes, 2000).  
- The undrained triaxial compression test shows that the samples shear along well-defined surfaces, representing a 
brittle failure. For the undrained triaxial compression test, theoretically the three samples should all fail at the same 
deviator stress or the same diameter of the Mohr circle. However, the test obtained different Mohr circle. This 
deviation can be attributed to several factors such as partially saturated sample, anisotropic strength, sample 
disturbance, and fissuring in the samples. The presence of fossils in the samples also affected the soil strength. The 
undrained shear strength parameter of the clay (Cu) is about 238 kPa. The samples would be classified on the basis 
of undrained shear strength given by Craig (2004, Table 4.1, p.110) as very stiff clay (Cu are in between 150-300 
kPa). 
 
 
 
 
229 
 
TRIAXIAL COMPRESSIVE STRENGTH  
1. The cylindrically cored specimens were prepared with the length to diameter ratio of 2.0. The two ends were then 
trimmed. 
2. Measure the length and diameter of the specimens.   
3. Samples were prepared for dry and saturated condition. For saturated condition samples were soaked in water for 
24 hours under controlled room temperature 
4. Test the specimens to failure in accordance with ISRM (1979) procedures and plot Mohr-Coulomb envelop. 
 
Results:  
 
Triaxial compressive strength of Bembridge Limestone 
 
Strength properties of the Bembridge Limestone from Whitecliff Bay  
 
The classification with UCS (BS5930:1990): extremely weak (< 1 MPa), very weak (1-5MPa), weak (5-25 MPa), 
medium strong (25-50 MPa), strong (50-100 MPa), very strong (100-250 MPa), extremely strong (>250 MPa) 
 
 
 
 
 
 
 
 
Dry 
Saturated 
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UNIAXIAL COMPRESSIVE TEST 
Determine the uniaxial compressive strength of Bembridge Limestone 
1. The cylindrically cored specimens for uniaxial compression test were prepared with the length to diameter ratio 
of 2.0. The two ends were then trimmed. 
2. Measure the length and diameter of the specimens in accordance with ISRM procedures.  Note when specimens 
do not comply with recommended specifications. 
3. Samples were prepared for dry and saturated condition. For saturated condition samples were soaked in water 
for 24 hours under controlled  room temperature 
4. Test the specimens to failure in accordance with ISRM procedures. 
5. Throughout the test, record the load applied to the specimen corresponding to increments of  deformation of  the 
specimen of 0.05mm.   
6. Record the maximum load taken by the specimen prior to failure. 
7. Calculate the uniaxial compressive Strength    
Uniaxial Compressive Strength  =       Maximum Load (N)                     
Cross sectional area of specimen (mm2) 
      
 Quote the strength in MN/m2   (= MPa) 
 
 
 
 
 
Dry  
Peak strength 
Dry  
Residual strength 
Saturated 
Peak strength 
Saturated   
Residual strength 
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Results 
 
 
Uniaxial compressive strength of Bembridge Limestone  
 
Uniaxial compressive strength of Bembridge Limestone  
 
 
 
Uniaxial compressive strength 
(MPa) 
Mean (MPa) 
Sample 1 (dry) 35.7 35.7 
Sample 2 (dry) 29.2 
Sample 3 (dry) 42.2 
Sample 4 (saturated) 8.1 9.2 
Sample 5 (saturated) 10.3 
 
Uniaxial compressive strength of Bembridge Limestone (Laboratory Test) compared to Upper 
Chalk (Bell, 2000) 
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The Project names of obtained borehole data from the BGS National Geotechnical Database
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Plasticity Chart 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plasticity Chart of Reading Formation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plasticity Chart of Bracklesham Group exhibited by Formation 
 
 
 
0
10
20
30
40
50
60
70
0 10 20 30 40 50 60 70 80 90 100 110 120
Pl
as
tic
 In
de
x 
(%
)
Liquid Limit (%)
Stinsford to Two Droves
A35 Tolpuddle to Puddletown Bypass
Allenview Road, Car Park Bridge
Botley Wood 400/132 Substation
A27  Havant ‐ Chichester Realignment
A27 Westhampnett Bypass
A259 Bognor Regis Imp.
West of the 
Hampshire Basin 
Central of the 
Hampshire Basin 
East of the 
Hampshire Basin
A-Line
Low Intermediate High Very high Extremely high plasticity 
Silt- below the A-line 
Clay- above the A-line 
0
10
20
30
40
50
60
70
0 10 20 30 40 50 60 70 80 90 100 110 120
Pl
as
tic
 In
de
x 
(%
)
Liquild Limit (%)
Oakley Clay Serpentine Road Poole
Oakley Clay Bovington
Pool Stinsford to Two Droves
Selsey Sand Ower‐Hardley Pipeline
Marsh Farm Ower‐Braishfield Pipeline
Earnley Sand Ower‐Braishfield Pipeline
Wittering Ower Braishfield Piperline
Wittering A33/M3 Bar End to Basset
Wittering M27 Contract 3 Park Gate to 
Portsmouth
Witerrig Farham Gosport Relief Road
Low Intermediate High Very high Extremely high plasticity 
Silt- below the A-line 
Clay- above the A-line 
Western Facies 
Eastern Facies 
234 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plasticity Chart of London Clay Formation  
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Plasticity Chart of Bracklesham Group 
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Plasticity Chart of Barton Group  
 
 
 
 
 
 
 
 
 
 
 
 
 
Plasticity Chart of Headon Hill Formation  
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Plasticity Chart of Solent Group in the northern Isle of Wight 
 
 
 
Plot of clay Fractions against plasticity limits of the Solent group in the northern Isle of Wight 
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Appendix C: Landslide classification and identification 
Landslide classification follows the British Geological Survey (after Varnes, 1978 and 
Cruden and Varnes, 1996). 
 
 
 
 
239 
 
Description terms of landslide classification (Dikau et al., 1996) 
  
Type Form of initial failure surface Subsequent deformation 
Fall (rock or stiff soil)   
Detachment form: 
Pre-existing discontinuities or 
tension failure surfaces 
a)Planar surface 
b)Wedge 
c)Stepped surface 
d)Vertical surface 
Free fall, may break up, bounce, slide or flow 
down slopes. May involve fluidization, 
liquefaction, cohesionless grain flow, heat 
generation or other secondary effects on 
disintegration when failed rock hits the ground 
surface. 
 
Topple (rock or stiff soil) 
  
Detachment form: 
Pre-existing discontinuities or 
tension failure surfaces 
a)Single 
b)Multiple 
As above 
 
Slide 
  
Rotational movement (failure 
surface essentially circular; occurs 
in soils) 
a)Single 
b)Multiple 
c)Successive 
Toe area may deform in a complex way. The 
ground may bulge; the slide may creep or even 
flow, possibly overriding existing failures. 
Failure might be retrogressive or progressive. 
 
Non-rotational compound 
movement (non-circular failure 
surface; may be listric or bi-planar; 
found in soils and rocks): 
 
a)Single 
b)Progressive 
c)Multi-storied 
 
Graben often develops at the head of the 
landslide. It may include a toe failure of a 
different type. 
 
Translational movement (often 
associated with discontinuity 
controlled failures in bedded or 
foliated rocks) 
 
a)Planar 
b)Stepped 
c)Wedge 
d)Non-rotational 
 
May develop complex run-out forms after 
disintegrating (see falls and flows) 
 
Spread (soils and weak rock) 
  
Lateral spreading of ductile or soft 
material that deforms 
a)Soft layer beneath a hard rock 
b)Weak interstratifield layer 
c)Collapsing structure 
Can develop sudden spreading failures in quick 
clays when the slope opens up in blocks and 
fissures followed by liquefaction. Might be a 
slow movement associated with denudation 
unloading. Can be represented by cambering and 
valley bulging. 
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(continued)   
Type Form of initial failure surface Subsequent deformation 
 
Flow (usually associated with soils 
but rock flows do occur- see below) 
  
Debris movement by flow a)Unconfined 
b)Channelised 
Flow involves complex run-out mechanisms. It 
may be catastrophic in effect and it may move in 
sheets or lobes. 
The form of movement is a function of the 
rheological properties of material. 
 
Creep movement 
 
Failure surface rarely clearly 
defined 
 
Creep may be a superficial gravity movement, 
seasonal movements or it might represent pre-
failure and progressive movements prior to a 
larger scale failure. 
 
Rock flow (sometimes referred to 
as sagging or Sackung). Usually 
associated with mountain terrain or 
areas of rapid and deep incision. 
 
a) Single-sided 
b) Double-sided 
c) Stepped (Failure surface may 
be rotational compound, listric, 
biplanar or intermittent.) 
 
May be slow gravity creep or the early stages of 
large scale movements that only show as bulging 
in the topography without a clearly defined toe 
deformation. Where controlled by discontinuities 
it may involve toppling. 
 
Complex 
  
a)Movements involving two or 
more of the above mechanisms 
(referred to as compound when two 
types of movement occur currently) 
b) Rock or debris avalanche 
Dependent on the form of failure 
as described above 
 
 
Often initiated as fall/slide of rock 
and/or debris 
As described for the various categories above. 
 
 
 
Complex long-run-out mechanisms, including 
fluidization and cohesionless grain flow. 
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Appendix D: Landslide recognition and field investigation 
 
 
 
Landslide identification on aerial photos compared to safety factor map.  The slope 
stability is determined based on the factor of safety value (FOS): unstable slope (FOS <1) 
and quasi stable slope (1< FOS <1.25). The landslide can be identified at [399887 98159] 
East End. 
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Landslide identification on aerial photos compared to safety factor map.  The slope 
stability is determined based on the factor of safety value (FOS): unstable slope (FOS <1) 
and quasi stable slope (1< FOS <1.25). The landslide can be identified at [448422 119120] 
Bishopstoke. 
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Landslide identification on aerial photos compared to safety factor map.  The slope 
stability is determined based on the factor of safety value (FOS): unstable slope (FOS <1) 
and quasi stable slope (1< FOS <1.25). The landslide can be identified at [419496 99171] 
Thorney Hill. 
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Landslide identification on aerial photos compared to safety factor map.  The slope 
stability is determined based on the factor of safety value (FOS): unstable slope (FOS <1) 
and quasi stable slope (1< FOS <1.25). The landslide can be identified at [420178 99840] 
Thorney Hill. 
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Landslide GIS Database 
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Landslide GIS Database 
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Landslide GIS Database 
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Landslide GIS Database 
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Landslide GIS Database 
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Landslide GIS Database 
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Landslide GIS Database 
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Landslide GIS Database 
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Landslide recognition and identification through image interpretation 
    
    
Examples of ground features indicative of shallow landslides on the mainland of the Hampshire Basin including undulating ground, hummocky ground, disturbed ground and mudlobe features:  
a) Romsey [4340230 120969]; b) Bishop’s Waltham [455010 117016]; c) Arundel [502740 106505]; d) Selden Farm [507824 105899]. 
 
 
Disturbed ground 
Disturbed ground 
N N
NN
a) 
d) c) 
b) 
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Landslide recognition and identification through image interpretation 
 
   
Examples of ground features indicative of coastal landslides including bare scarp, major scarp, minor scarp, step-profile, disturbed grounds, elongate and mudlobe features:  
a) Hatherwood Point [430704 85974]; b) Cliff End [433039 88945]; c) Whitecliff Bay [464239 86386] and d) Bouldnor Cliff [438949 90928]. 
N N
N N
a) 
d) c) 
b) 
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3D visualization for landslide recognition and identification provided by Google Earth and Bing Map online application
 
    
Google Earth and Bing Map provide effective imaging tools including 3D terrain visualization, 360 views, and Bird’s Eye views facilitating identifying landslide features on imagery:  
a) Bouldnor Cliff [438949 90928]; b) Alum Bay [430673 85245]; c) Higher Combe Farm [394437 97621] and d) Batchers Farm [419512 99129]. 
Bing Map-Bird’s Eye views  
Bing Map-Bird’s Eye views  
Google Earth-3D view  
Google Earth-3D view  
N
N
N
a) 
d) c) 
b) N
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Multi-temporal image interpretation  
   
  
Multiple temporal image interpretation of the complex landslides of Whitecliff Bay, Isle of Wight:  1945-The landslide initially formed major arcuate scarps at the lower part of the cliff and rotational was 
dominantly type of movement. 1999-The landslide was larger as a result of retrogressive failure of the cliff.  Type of movement was the combination of rotational at the clifftop  and subsequently mudflows.  
2004-The retrogression at the cliff top was continued. The western part of the cliff became stable with the vegetation cover but mudflows  occurred in the eastern part.  
2005-Minor retrogressive failure of the cliff and the degradation of the mudflows.  
Major scarps 
Major scarps 
Minor scarps 
Mudflows 
Major scarps 
Minor scarps 
Mudflows 
Vegetated slope 
1945 1999
2004 2005
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Multi-temporal image interpretation  
 
Multi-temporal air photo and Lidar interpretation between 2001 and 2008 of mudslides in London Clay Formation at Whitecliff Bay, Isle of Wight. In 2001 the ground feature indicative of mudslides was well 
defined including scarp, main track and depositional zone. In 2005 mudslides were vegetated with less degree of movement but retrogressive failures at main scarp can be observed. In 2008 further retrogressive 
failure of the cliff top is observed. 
 
2001 2005 
2008 2007 
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Aerial photo and Lidar (provided by Channel Coastal Observatory website) interpretation and processing of the coastal cliff section at Alum Bay, Isle of Wight [SZ638857-SZ645865] 
 
 
 
 
 
 
 
Image interpretation comprised a combination of aerial photos, hillshade map and slope map derived from Lidar dataset.  A variety of movement type can be identified including flows and complex landslides.  
It was considered that changes in failure mechanisms result from changes in lithology of the cliff sections.   
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Field investigation and landslide recognition at Whitecliff Bay, Isle of Wight [SZ638857-SZ645865] 
 
 
Landslide characteristics at Whitecliff Bay include (a) Debris fall of cemented sand of London Clay (the old Bagshot Sand of Insole, Daley and Gale, 1998), (b) mudslides of London Clay (c) Mudslides of Wittering 
Formation, (d) Mudflows of clay of Headon Hill Formation, (e) Debris falls of Bembridge Limestone and (f) complex landslides of Bembridge Marls Member. Photo taken during field investigations between 2009 
and 2012. 
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Source of cross section (Daley and Balson, 1999)
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Air photo and Lidar (provided by Channel Coastal Observatory website) interpretation and processing of the coastal cliff at Alum Bay, Isle of Wight [SZ 305855] 
 
Image interpretation comprised a combination of aerial photos, hillshade map and slope map derived from digital elevation model. A variety of movement type can be identified including mudflows, falls, and 
complex translational-rotational landslides. 
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Field investigation and landslide recognition Alum Bay, Isle of Wight [SZ 305855] 
 
Landslide characteristics at Alum Bay include (a) Mudslides in Barton Clay, (b) Debris flows and falls of iron stone blocks of  Branksome Sand Formation, (c) Debris falls of Marsh Farm Formation,  
(d) Debris cone of Wittering Formation and (e) mudslides of Reading Formation (Photo taken during field investigations in July, 2011) 
 
a  b  C e d
(a) (b) (c) (d) (e) 
Source of cross section (Daley and Balson, 1999) 
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Complex landslides at Hatherwood Point, Isle of Wight [SZ310862] 
 
Profile A-A  (profile created by ArcGIS processing with additional geological data) 
 
Aerial photograph and a simplified geological section A-A. Photo of the cliff top areas taken during field investigations in September, 2009. Photo of the section of Hatherwood Point taken during field investigation 
in July, 2011. 
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Complex landslides at Hordel Cliff, Milford on Sea [426312 92253] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Landslides at the Hordel Cliff are likely to be influenced by stratigraphy and lithological interface. Landslide characteristics along the Hordel Cliff can be divided into two different zones:  
(1) Deep seated rotational landslides are dominant where the thick green clay Mammal Bed are exposed on the steep cliff (section A-A) and  
(2) Shallow translational landslides are dominant where the sandy strata of Crocodile Bed are exposed (section B-B)  
 Photo taken during field investigation in February, 2011. 
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Profile A-A (profile created by ArcGIS processing with additional geological data) 
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Complex landslides at Barton Cliff, Barton on Sea [422068 93188] 
              
 
 
 
 
 
 
 
 
 
 
 
 
 
Aerial photograph, hillshade map, slope map, a geological section and field observation (Photo taken during field investigation in October, 2009). Soil sample were taken and soil testing results is given in Appendix 
B.  
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Profile A-A (profile created by ArcGIS processing with additional geological data) 
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Shallow mudslides near Romsey [434023 120969] 
       
 
 
 
 
 
 
 
 
Geomorphological map of the landslides on the natural slope near Romsey (Photos taken during walk over survers in August, 2010). 
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Digital terrain model (5m resolution) and borehole data for the shallow mudslides near Romsey 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. Digital Terrain Data 5 m (2008) 
 
Red box shows the area of interested and shallow mudslides near Romsey. Digital Terrain Data 5 m (2008) and aerial photograph (2007) and nearby borehole data (Online Borehole Scan Data provided by BGS). 
The borehole records [SU 345205] show that the hummock ground lying between the A31 and A27 roads west of Romsey is underlain by slipped laminated clays of the Wittering Formation. The western margin of 
the slip lies 100 m east of the outcrop of 7th Terrace gravels. A borehole no. SU32SW18 [SU3451 2051] in the toe of the landslip penetrated about 5.6 m of brown, yellowish brown and greyish green, extremely 
clayey, glauconitic sand with scattered angular flints and fragements of brown carbonaceous clay lignite. A borehole no.SW32SU17 [SU3431 2056] on Green Hill, west of Romsey, penetrated 7.65 m of brown clay 
with fine-grained sand partings, greyish green extremely clayey fine-grained sand, and greyish greeen clay, on 0.4 m of brown slightly silty carbonaceous and lignitic clay (the whitecliff Bay bed).   
The shallow mudslides are associated with the presence of weak lignitic clay of Witeering Formation. Digital terrain data reveal that the mudslides occurred on the west flank of the River test. The mudslides may 
intially inhirited the long history of the evolution of the river.  
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Shallow mudslides on the natural slopes near southwest of the A27 road near Arundel Train station [520863 106505] 
   
 
 
 
 
 
 
 
 
Geomorphological map of the inland landslide on the natural slope near Arundel train station  (Photo taken during walk over surveys in May, 2010). 
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Cross sections A-A, B-B (modified from Borehole Scan Data provided by BGS) near Arundel Station and the A27 in Crossbush areas.  
The London Clay Formation comprises soft to firm dark grey sandy, silty CLAY with some fissuring becoming stiff to hard at deeper depth.  The Reading Formation comprises composed of stiff red mottled fissured CLAY.  Red solid box is the study site in 
where recent movement has occurred as a result of reactivation of pre-existing landslides. The section A-A shows slips or slickensides are presented about 2 m depth below ground surface within the London Clay Formation in the borehole no. TQ00NW43. 
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Shallow mudslides near Bishops Waltham [455010 117016] 
 
    
Aerial photo interpretation and field investigation (Photo taken during walk over surveys in February , 2012). Mudslides occurred in London Clay Formation. 
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Appendix E: Deep boreholes information 
Selected sections in the Paleogene of the Hampshire Basin: Christchurch-Southampton district- Portsmouth- Brackelsham Bay (Edwards and Freshney, 1987, p.58-59)
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Selected sections in the Paleogene of the Hampshire Basin: Christchurch-Southampton district- Isle of Wight- Brackelsham Bay (Edwards and Freshney, 1987, p.60-61) 
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Correlation panel combining gamma-ray logs from six deep hydrocarbon exploration boreholes on the Isle of Wight with the Alum Bay/Headon Hill outcrop section and the Gurnard cored borehole 
located near Cowes (Newell and Evans, 2011)
 
Deep boreholes: Alum Bay& Headon Hill [SZ 305855]; Norton , SZ38NW18 [SZ 34006 89098]; Wilmingham, SZS38NE9 [SZ 36620 87790]; Bouldnor Copse, SZ39SE1 [SZ 38537 90179]; Sandhills 2, SZ48NE55 [SZ 4612989850];  
Sandhills 1, SZ49SE3 [SZ 45700 90850]; 5.; 6. Cowes 1 (Bottom Copse), SZ59SW17 [SZ 50036 94161]. The gamma-ray curves are colour filled to highlight low values which generally correspond to sands (yellow) or limestones (blue) and high values 
(black) which generally indicate clay-rich sediments. The Chalk, represented by low, uniform gamma-ray values highlighted in pale green, forms the base of the section. Lithostratigraphy of the Alum Bay/Headon Hill outcrop section is after Daley (1999). 
Note that the Wittering Formation (‘Lower Leaf’) at Alum Bay probably corresponds to the upper sandy part of the London Clay as defined at Whitecliff Bay. Vertical scale is shown in metres for the Alum Bay/Headon Hill outcrop section but in feet for 
boreholes to enable crossreference to composite logs. Sonic velocity logs are shown in red and caliper logs in green. 
 
 
